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Summary
A number of approaches were adopted to clone pea MTase cDNAs. The only 
successful approach, however, was PCR amplification of pea M Tase-specific 
segments using degenerate primers, that were designed mainly according to the 
conserved motifs IV and VI of mouse MTase. A downstream antisense primer based 
on motif VI was used to prime first-strand cDNA synthesis from pea total RNA. This 
was then amplified using the same primer in combination with a sense prim er 
designed according to motif IV. Several of the PCR products which were amplified 
were cloned into pBluescript and then sequenced. Only one type of PCR product was 
found to be MTase-specific upon translation of the sequences. On comparison with 
the database, this PCR product was found to share the highest homology with 
Arabidopsis  MTase, followed by mouse and human MTases. No other MTase- 
specific PCR product was identified out of a total of 18 independent clones that were 
sequenced. Only one MTase mRNA (of 5.0 kb in length) was identified upon 
hybridisation of the cloned pea MTase-specific PCR product to a northern blot of pea 
poly(A)+ RNA.
The 3" end of the pea MTase cDNA (corresponding to most of the catalytic 
domain) was cloned using a 3" RACE strategy and Pfu  polym erase. Seven 
independent clones were mapped, and three were sequenced. The three clones were 
found to be absolutely identical in sequence, except for at the extreme 3 ' end, where 
the sites used for polyadenylation were found to be different for each clone. The 
nucleotide sequence of the 3 " RACE products was also found to match that of the 
original MTase-specific PCR products in the region between motifs IV and VI. 
Again, the translated sequence of the 3 '  RACE product shai'ed the highest homology 
with Arabidopsis MTase. No evidence for alternative splicing in the 3 ' end of the pea 
MTase transcript was found.
Developmental changes in the steady state levels of pea MTase mRNA were 
investigated by hybridisation of one of the cloned PCR products to a northern blot of
XV
total RNA extracted from different tissues from pea seedlings, taken at different 
stages of development. The strength of the hybridisation signal was found to parallel 
the changes in MTase specific activity (Yesufu et a i, 1991), being highest in rapidly 
dividing tissues .
To determine whether a family of related pea MTase genes exists in pea, the 
3" RACE product was hybridised at moderate stringency to a Southern blot of pea 
genomic DNA digested with various restriction enzymes insensitive to méthylation at 
CpG and CpNpG sites. The results were consistent with the presence of only one 
type of MTase gene in pea.
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Chapter 1 Introduction
1 .1  DNA m éthylation
The presence of methylated bases in DNA is an almost universal feature o f both 
prokaryotes and eukaryotes. Prokaryotic DNA contains the modified bases N^- 
methyladenine, 5-methylcytosine (5-mC) and N'^-methylcytosine whereas the only 
methylated base in eukaryotes is 5-methlylcytosine with very few exceptions (Burdon 
and Adams, 1980).
The most widely distributed kind of méthylation is that associated with the 
restriction modification systems o f bacteria. These systems serve to protect the 
bacteria from phage infection; the chromosomal DNA is methylated in a sequence 
specific manner by a methyltransferase, protecting it from digestion by the 'cognate' 
restriction endonuclease which will cleave unprotected phage DNA (reviewed by 
Noyer-W eidner and Trautner, 1993). It has been proposed that in the course of 
evolution, the prokaryotic methyltransferase system has been adapted by higher 
eukaryotes for the purpose of regulating the structure and expression of the genome 
(B es tor, 1990).
5-methylcytosine is readily converted to thymine by oxidative deamination 
(Coulondre et al., 1978). Failure of the mismatch repair system (Wiebauer et al., 
1993) results in C-G to T-A mutations. Thus 5-methylcytosines represent mutational 
hot spots in the genome. This would seem a very powerful argument for the 
supposed advantages conferred by DNA méthylation in higher eukaryotes (whose 
genomes are extensively methylated), which would outweigh the mutational load of 
methylated cytosines.
1 .2  M ethods fo r studying DNA m éthylation
The presence of 5-mC was first detected in DNA by Hotchkiss (1948), at a time 
when the structure and function of DNA was still a mystery. Since then remarkable 
progress has been made in the methodologies used to study nucleic acids in general.
as well as the modified bases in DNA. Some of the latter will be discussed in the 
following sections.
1 . 2 . 1  M ethods to study 5-m ethylcytosine distribution in DNA
To determine the total 5-mC content of DNA, the DNA is first hydrolysed by 
chemical or enzymatic means. Enzymatic hydrolysis involves little 5-mC deamination 
(Ford et al., 1980), and leads to the production of mononucleotides with 5' 
phosphates (e.g. in the case o f DNase I) or with 3" phosphates (e.g. with 
micrococcal nuclease). The cleavage products are then fractionated by thin-layer 
chromatography (TLC), or by high performance liquid chromatography (HPLC) 
(reviewed by Adams and Burdon, 1985). An improved method was developed 
whereby nicks were introduced into the DNA using DNase I and the nucleotide 3" to 
the nicked base was labelled using [a-32p]dN TP. On hydrolysis to the 3 ' 
monophosphates and separation via TLC, this modified nearest neighbour analysis 
indicates what proportion of each of the four CpN sequences are methylated (Pollack 
eta l., 1984).
Much information about patterns of DNA méthylation has been gained by the 
use of bacterial restriction enzymes. There are several isoschizomeric pairs which 
have the same recognition sequence but have differential sensitivity to the presence of 
methylated bases within that sequence. For example, Hpall will only cleave the target 
sequence (CCGG) if the internal cytosine is not methylated on either strand whereas 
M spl will cleave regardless. Comparison of the digestion patterns therefore reveals 
the méthylation status of DNA (reviewed by Adams and Burdon, 1985; Saluz and 
Jost, 1993). The sensitivity of this method has been improved by using PCR in such 
a way that only undigested (i.e. methylated) DNA will be amplified (Singer-Sam et 
al., 1990).
However, using methylation-sensitive restriction enzymes limits the detection 
of 5-mCs to those contained within the recognition sequences. This is not a problem
with genomic sequencing. The original method as devised by Church and Gilbert 
(1984) involves digestion of total genomic DNA with restriction enzymes which 
provides fragments of defined length containing the target sequence. The DNA is 
then subject to chemical sequencing reactions (Maxam and Gilbert sequencing) and 
the cleavage products are then resolved on a sequencing gel and transferred onto a 
nylon filter. Southern hybridisation using the appropriate probe reveals the 
sequencing ladder of the target sequence. Methylated cytosines are represented as 
gaps in the ladder as hydrazine does not react with 5-mC in the C specific reaction. 
Several improvements have been made on this procedure, such as linear PCR 
amplification of the cleavage products with labelled primers (Saluz and Jost, 1989). 
A new method for genomic sequencing is the bisulphite method (Frommer et al., 
1992) in which bisulphite is used to specifically deaminate cytosine (but not 5-mC) to 
uracil. The target sequence is then amplified by PCR and subject to dideoxy (Sanger) 
sequencing. Upon sequencing the uracil residues become detectable as thymine 
residues whereas 5-mC is detected as cytosine
1 . 2 , 2  The use o f m ethylase inhibitors to study the effects of
DNA m éthylation in vivo
Inhibition of DNA méthylation is widely used as a means to study the effect of DNA 
méthylation on biological processes. Several drugs that inhibit méthylation both in 
vivo and in vitro have been identified (reviewed by Adams and Burdon, 1985). The 
m ost widely used o f these are the base analogues 5-azacytidine and 5- 
azadeoxycytidine. On incorporation into DNA, 5-azacytosine brings about an 
inhibition of DNA méthylation (Jones and Taylor, 1980). The triazine ring is unable 
to accept a methyl group, but this alone is not enough to account for the extent of 
inhibition. Moreover, heavily substituted DNA can inhibit the méthylation of 
unsubstituted DNA in vitro  (Adams et al., 1984). This suggests that DNA 
m ethyltransferase binds irreversibly to DNA containing 5-azacytosine. This
'demethylating' ability of 5-azacytidine has been exploited in many experiments 
investigating the effects of DNA méthylation (mainly with cultured animal cells), 
some of which are mentioned later. However, 5-azacytidine is toxic at concentrations 
over 1 pM and leads to a marked change in the metabolism and development of the 
exposed cells (Jones, 1984). Therefore the significance of the data obtained by these 
experiments must be assessed critically (Bird, 1992). Recently, more doubt has been 
cast on the traditional interpretations of these experiments by the work of Juttermann 
et al. (1994), who showed that methylation-deficient mutant mouse embryonic stem 
(ES) cells and embryos (Li eta l., 1992) were significantly more resistant to the toxic 
effects of 5-azadeoxycytidine than their wild-type counterparts. They suggested that 
the covalent trapping of methyltransferase rather than the subsequent déméthylation 
was responsible for the cytotoxicity of the base analogue.
1 .3  D istribution o f 5-m ethylcytosine in higher eukaryotes
Eukaryotic organisms differ widely in their content of 5-mC. The traditional 
organisms used in molecular biology, whose genomes are most well characterised 
such as Saccharomyces cerevisiae (Proffit et al., 1984), Drosophila melanogaster 
(Pollack et al., 1984) and Caenorhabditis elegans (Simpson et al., 1986) have 
virtually no methylated cytosines. The DNA of most species o f fungi either lack or 
have very low amounts of 5-mC (Magill and Magill, 1990). However, vertebrates 
have between 4 and 6% of their cytosines methylated (Ehrlich et al., 1982; Gamma- 
Sosa et al., 1983), and the levels of 5-mC in higher plants can reach up to 30% 
(Adams and Burdon, 1985). In vertebrate DNA, 5-mC is found in the CpG 
dinucleotide whereas in higher plants both CpG and CpNpG sites can be methylated 
(Gruenbaum eta l., 1981).
The extent of méthylation has a rough con’elation with genome size. In simple 
eukaryotes such as some fungi (Rothnie et al., 1991) and in some invertebrates such 
as echinoderms (Bird et al., 1979), 5-mC appears to be confined to satellite
sequences. It has been postulated that méthylation of highly repetitive elements within 
the genome provides a mechanism for sequence diversification which suppresses 
recombination, helping to maintain genome stability (Selker 1990; Kricker et a i,  
1992). Even in a higher vertebrate such as the mouse, 50% of 5-mC is found in 
repetitive sequences (Miller et al, 1974). However, méthylation in higher plants and 
vertebrates is not confined to repetitive DNA sequences and is involved in the control 
of gene expression and development in these organisms. This will be discussed in 
later sections.
The generation of methylated DNA is mainly a postreplicative process in 
prokaryotes (and in eukaryotes exclusively so). The class of enzymes responsible for 
this phenomenon are called DNA methyltransferases (MTases).
1 .4  Prokaryotic DNA m ethyltransferases
As mentioned earlier, the most widely distributed kind of méthylation is that which is 
associated with the restriction modification systems o f bacteria. There are three 
classes of MTases involved in these systems: Types I, II, and III MTases and all 
require S-adenosyl-L-methionine (AdoMet) as the methyl-donating cofactor.
Types I and III are multi-subunit enzymes in which the restriction and 
modification activities reside in different subunits and, in type I enzymes, yet another 
subunit is responsible for determining target sequence specificity. All members of 
types I and III ai'e N6-methyladenine MTases. The type II MTases are separate 
proteins from their cognate restriction endonucleases and members of this class can 
be 5-methylcytosine, N'^-methylcytosine or N^-m ethyladenine MTases. The 
remainder of this section will be devoted to the prokaryotic type II 5-methylcytosine 
(cytosine-C5) MTases, as they are evolutionarily linked to the eukaryotic MTases.
1 . 4 . 1  Type II cytosine-CS methyitransferases
This class of MTases recognise palindromic sequences (type IIS MTases recognise 
non palindromic sequences and usually two different MTases are responsible for 
methylating cytosines on either strand). There are both mono and multispecific type II 
cytosine-C5 MTases (the multispecific MTases are encoded by certain Bacillus 
subtilis phages). The type II enzymes methylate the target cytosines on either strand 
of the recognition sequence in a sequential manner and show no preference for either 
unmethylated or hemimethylated substrates.
The type II and type IIS cytosine-C5 MTases (reviewed by Noyer-Weidner 
and Trautner, 1993; Kumar et aL, 1994) exhibit the highest degree of sequence 
similarity at the amino acid level. Sequence alignment showed highly conserved 
motifs interspersed with less conserved regions (Posfai et a/., 1989; Lauster et aL, 
1989). Posfai and co-workers identified ten separate conserved regions, I to X, 
whose order is absolutely invariant. The addition of further cytosine-C5 MTases to 
this list revealed motifs I, IV, VI, IX and X to be the most strongly conserved.
Regions VIII and IX are separated by a variable region which shows the most 
diversity both in length and sequence composition. Complementation was observed 
between separate N-terminal and C-terminal segments overlapping the variable 
region. Furthermore, this complementation could be achieved with heterologous 
com binations of two closely related MTases, M.5.?pRI and M.BjwRI which 
methylate the same target sequence (Posfai et a i ,  1991). This suggests that the 
segments on either side of the variable region represent independent functional 
entities, and indeed in the unusual case of M .Aqul, the two 'domains' do exist as 
separate subunits (Karreman and de Waard, 1990). The target recognising domain 
(TRD) was originally assigned to the variable region purely because this was the 
region which varied between enzymes of different target specificities which otherwise 
had particularly high levels of sequence similarity, though there is no shared 
homology between the variable regions and other characterised DNA binding motifs
(Buhk et al., 1984). Direct evidence was provided by the construction of chimaeric 
multispecific MTases in which the composite parts were derived from MTases with 
different specificities (Trautner et aL, 1988). Hybrid swap experiments with the 
monospecific MTases established that not only did the variable region determine 
sequence specificity, but also the choice of the specific base to be methylated within 
the target sequence (Klimasauskas et aL, 1991; Mi and Roberts, 1992). In addition, 
site-directed mutagenesis was used to map TRDs within the variable region of 
multispecific MTases (Wilke et aL, 1988). The data at e consistent with the idea that 
the TRDs act in a modular fashion to confer target specificity and in general, target 
specificity is independent of the conserved regions. Sequence comparisons between 
TRDs (which are about 40 amino acids in length) suggested a weak consensus 
sequence: T(V/I/L)XXXXXXG(V/L) (Lauster et aL, 1989). It should be stressed 
however, that a priori predictions of the target sequence from the amino acid 
sequence of the variable region are not possible.
Conserved region I, consensus (F/G)XGXG forms part of the AdoM et 
binding site. This motif is found in MTases (DNA, RNA and protein) which utilise 
AdoMet as a methyl donor (Ingrosso et aL, 1989).
Region IV is responsible for the transfer of the methyl group onto the C5 
position of the cytosine ring, and contains the highly conserved motif PCXXXS. The 
details of catalysis will be discussed later.
X-ray crystallography of M .Hhal complexed with AdoMet has revealed the 
tertiary structure to consist of a large N-teiminal and small C-terminal domain linked 
by a flexible hinge region, the variable domain making up the hinge region and most 
of the small domain. All the conserved motifs are located in the large domain, with 
the exception of motif IX, which is mostly in the small domain. M otif IX is probably 
necessary for correct folding of the small domain. As expected, the conserved motifs 
form the core of the protein and constitute most of the structures that surround the 
active site cleft (Cheng et aL, 1993).
1 . 4 . 2  Mechanism of methyl transfer
Studies on the kinetics of M.Hhal DNA méthylation led to the proposal by Wu and 
Santi (1987), that méthylation proceeded through nucleophilic attack of the C6 
position of the cytosine ring by the cysteine thiol group of the highly conserved 
PCXXXS motif mentioned earlier. This leads to the formation of a transient covalent 
MTase-DNA complex via a thioether bond. (Fig 1.1). Evidence for this mechanism 
came from the observation that the the exchange of the conserved cysteine residue for
other amino acids by site-directed mutagenesis led to destruction of enzyme activity 
(Wilke et al., 1988, Wyszynski et al., 1992). Direct evidence came from covalent 
trapping of M .H aelU  onto an analogue of the target cytosine, 5-fluoro-2"- 
deoxycytidine (FdC), which was contained in the oligonucleotide substrate. 
Exhaustive proteolysis of the D N A -M ./Z aelll complex followed by peptide 
sequencing revealed the covalent attachment to the DNA to be via the conserved 
cysteine residue (Chen et al., 1991).
A profound insight into the mechanism of methyl transfer came from the 
determination of the co-crystal structure of a DNA MTase bound covalently to DNA 
(Klim asauskas et al., 1994; see Fig. 1.2). Klimasauskas and co-workers had 
crystalised  a chem ically trapped interm ediate between M .H h a l and a self 
complementary duplex 13-mer oligonucleotide. The enzyme is linked through a 
thioether bond to the target FdC residue on one strand and the cofactor product of 
methyl transfer, S-adenosyl-L-homocysteine (AdoHcy), remains bound to the active 
site. The 3D structure of this crystal revealed the DNA to be located in the cleft 
between the two domains predicted by Cheng et al. (1993). The major groove faces 
the variable region in the small domain, and the minor groove faces the catalytic site 
in the large domain. The DNA is in the B conformation except for a disrupted G-C 
base pair that contains the target cytosine. This cytosine has swung completely out of 
the double helix and is positioned in the active site, which itself has undergone a large 
conformational change. Though the DNA is contacted in both the major and minor
grooves, almost all the base-specific interactions occur in the major groove, via two 
Gly rich loops (loops I and II) from the small domain which correspond to the 
putative TRD predicted by Lauster et al., (1989). This mechanism represents a 
hitherto unknown mode of protein-DNA interaction.
The mechanistic roles of the other conserved amino acids apart from the 
catalytic cysteinemay be inferred from the crystal structure. For example, the amide 
carbonyl preceding the absolutely conserved proline of the Pro-Cys dipeptide forms 
a hydrogen bond with the exocyclic amine of the target FdC, and the proline carbonyl 
appears to hydrogen bond with the asparagine residue of the absolutely conserved 
ENV sequence of motif VI. The target FdC is stabilised by interactions with Phe79 of 
m otif IV, G lu ll9  of region VI, and A rgl65 of region VIII. The latter two amino 
acids are absolutely conserved in all the cytosine-C5 MTases. The conserved Glu 
residue may determine specificity for cytosine since it hydrogen bonds to the and 
of cytosine, and plays a part in catalysis. Surprisingly, no obvious candidate 
enzymic base for the abstraction of the hydrogen has been revealed by this structure. 
The unpaired guanine residue is stabilised by hydrogen bonds with Gln237 (from 
loop I of the small domain), maintaining the stacking of the helix. The Gin is in turn 
stabilised by Ser87 from region IV. However, neither of these amino acids appear to 
be well conserved. AdoMet binds to a pocket in the large domain facing the cleft. 
Residues from motifs I-V  and from motif X contribute to this pocket, which means 
that the cofactor is in very close proximity to the catalytic site.
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F ig u re  1.1 C ata ly tic  m echanism  o f m ethyl tra n s fe r  (ad ap ted  from  
B esto r an d  V erd ine , 1994)
A. As originally proposed by Wu and Santi (1987), the catalytic mechanism of 
cytosine-C5 MTases by analogy to thymidylate synthase which also contains a Pro- 
Cys dipeptide, involves nucleophilic attack on C6 o f the target cytosine ring by the 
conserved cysteine of m otif IV (Enz-Nu: = the cysteine thiol). This results in the 
formation o f a transient covalent MTase/DNA complex via a thioether bond and the 
conversion o f C5 to a carbanion which then, through nucleophilic attack on the 
methyl group o f AdoMet, induces the transfer o f the methyl group to C5, Elimination 
of the hydrogen at C5 and the enzyme at C6 results in the restoration of the C5-C6 
double bond to produce 5-methylcytosine.
B . The revised mechanism, as proposed by Erlanson et al., 1993, who proposed 
more favourable enamine intermediates. This mechanism implicitly requires strand 
separation for the proposed attack trajectories. In the co-crystal structure o f M .Hhal 
(Klimasauskas et a i ,  1994), Enz-S is Cys 81 (of motif IV) Enz-COOH is Glu 119 
(of motif VI), and Enz-B: is unknown.
C. With the cytosine analogue, FdC, elimination of the fluorine atom at C5 is 
energetically unfavourable. This results in the covalent trapping of the enzyme to C6 
of the methylated FdC via a thioether bond (Chen et al., 1991).
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Figure n*a
The structure of M.Hhal In a ternary complexed with a substrate 
duplex DNA oligonucleotide and the end product of the reaction 
AdoHcy. The motifs are shown in colour: AdoHcy is in white, the 
DNA bases are in orange, the deoxyribose is in purple and the 
phosphates are green.
Roberts R.J. (1993), Les Prix Nobel, p i56
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1 .5  Eukaryotic DNA m ethyitransferases
U nlike their prokaryotic counterparts, which do not discrim inate between
unmethylated and hem im ethylated targets, the eukaryotic cytosine-C5 MTases
preferentially methylate hemimethylated substrates (Gmenbaum et al., 1982). This 
reflects the different role that MTases play in eukaryotes,
1 . 5 . 1  M aintenance and de novo  méthylation
Patterns of DNA méthylation are inherited and maintained over many cell generations 
(W igler et al., 1981) by a process known as maintenance méthylation. The semi­
conservative nature of DNA replication results in the parental strand remaining 
methylated while the newly synthesised daughter strand is unmethylated. In an early
'postreplicative step (Burdon and Adams, 1969) this hem im ethylated DNA is 
recognised by DNA M Tase which, using the parental strand as a template, 
symmetrically imposes a methyl group on the newly synthesised strand. This 
mechanism was first proposed by Holliday and Pugh (1975) and Riggs (1975).
However, this model may be an over-simplification as méthylation patterns of non- 
symmetrically methylated sequences in transgenic plants (Meyer et al., 1994) and at 
origins of replication in cultured hamster kidney cells (Tasheva and Roufa, 1994) 
appeal' to be maintained following replication. Also, certain CpG dinucleotides appear 
to be maintained in a hemimethylated state in avian liver cells (Jost and Saluz, 1993).
A model has been suggested to explain these phenomena, in which the DNA MTase 
recognises a hemimethylated region of DNA (rather than an individual CpG site), that 
is associated with proteins characteristic of inactive chromatin. In contrast, active 
chromatin lacks these proteins and is replicated in early S phase (when the level of 
DNA MTase is limiting). The maintenance of méthylation patterns could therefore be 
seen as a consequence of recognition of regions of chromatin structure, rather than 
individual CpG sites (Adams, 1995).
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New patterns of méthylation are established during embryogenesis by de ;
novo  méthylation of previously unmethylated DNA (reviewed by Adams et al.,
1993). However, little is known of how sequence-specific méthylation patterns are 
established in the first place, as the sequence-specificity of purified mammalian 
MTase does not extend much past the CpG dinucleotide (Gmenbaum et al., 1981b;
Bestor and Ingram, 1983; Hubrich-Kdiunercr al., 1989). It remains possible that there 
are different specific de novo MTases expressed in a tissue specific and stage specific 
manner, though there is no evidence for the presence of a gene family in mammals.
However, a longer MTase mRNA (6.2.kb as opposed to the 5.2 kb mRNA found in 
somatic cells) has been identified in pachytene spermatocytes, a cell type that is 
known to be active in de novo méthylation (Trasler et al., 1992). The size o f the 
MTase enzyme in these cells, at 180-200 KDa, is similar to that of somatic tissues.
Until this alternative form of MTase has been cloned, one cannot ascribe the high 
rates of de novo méthylation to a different form of MTase enzyme in these cells. It 
has been suggested that the pattern of de novo méthylation is dependent on other 
factors beside the specificity of DNA MTase itself. An important development in this 
field has been the discovery that the presence of Spl sites in close proximity to CpG 
islands protects these islands from  de novo méthylation in vivo, though the
mechanism of this protection is not clear (Brandeis et al., 1994).
.1:It has been shown that de novo and maintenance activities reside in the same 
protein and, in the case o f the m am m alian enzym es, the preference for 
hemimethylated sites is 30-40 fold higher (Bestor and Ingram, 1983; Bolden et al., u
1984).
1 . 5 . 2  Structure of mammalian DNA m ethyitransferases
The first of the eukaryotic M Tase cDNA to be cloned was from  m urine 
erythroleukaemia (MEL) cells (Bestor et al., 1988). The cDNA sequence revealed an 
open reading frame corresponding to a protein of about 170 KDa, which is the size of
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the protein yielded when the cloned cDNA is expressed in COS cells (Czank et al., 
1991). However, the size of the protein yielded when the cDNA is expressed in E. 
coli is 190 KDa (Tollefsbol and Hutchison, 1995). Purified M EL MTase has an 
apparent molecular weight of -190  KDa, as does MTase purified from a variety of 
cell lines. However, MTase from oocytes and early embryos is 170 kDa (Carlson et 
al., 1992). This observation suggests that DNA MTase normally undergoes post- 
translational modification, the nature which is as yet unknown. Alternatively, the 
smaller enzyme may arise from the use of an alternative translation start site, or from 
in vivo N-terminal proteolysis. However, the specificity of both forms of the enzyme 
is the same in vitro, and the significance of this smaller form o f MTase is obscure 
(see section 1.8).
The predicted amino acid sequence of the cDNA reveals a 1000 amino acid N- 
terminal domain linked to a C-terminal domain of about 500 amino acids that is 
closely related to the prokaryotic type II cytosine-C5 MTases discussed earlier. In the 
original paper, only conserved regions IX and X were apparent due to the presence 
of one or more ffame-shifts. After sequence corrections, all of the conserved motifs 
(with the exception of motifs III and V), were identified (Bestor, personal 
communication). The vaiiable domain (between motifs VIII and IX) is much longer 
than most prokaryotic monospecific MTases, and is in fact the longest known of the 
monospecific enzymes. Figure 1.3 is a diagram of mouse MTase, and shows various 
features of the N-terminal domain, and the position of the catatalytic centre (motif IV) 
in the C-terminal domain.
The mechanism of methyl tiansfer (Fig 1.1) is presumably the same for the 
eukaryotic DNA MTases because of the presence of the conserved motifs in all the 
MTases cloned to date. Smith et al. (1992) demonstrated the formation of a high 
molecular weight complex when a 32p labelled double-stranded oligonucleotide 
substrate containing FdCpG with "^cpG on the opposite strand was incubated with 
partially purified human MTase. The apparent molecular weight of this complex was 
consistent with that of the oligonucleotide plus the catalytic unit present in
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Figure 1.3 Structure o f mouse M Tase (adapted from Bestor and 
V erdine, 1994)
Mouse MTase consists o f a C-terminal (catalytic) domain linked to an N-terminal 
domain by a series of Lys/Gly repeats.
The C-terminal domain is related to the prokaryotic type II cytosine-C5 
MTases, and contains all the conserved motifs except for III and V. (The catalytic 
centre corresponds to motif IV.)
The N-terminal contains a nuclear localisation signal (NLS) and a region that 
has been implicated in the localisation of the enzyme to the replication factories in the 
nucleus. This region shares significant homology with the nucleolar protein, 
Noppl40. Adjacent to this region is a region homologous to an Arg- and Ser-rich 
motif found in many splicing complex proteins. There is also a Cys-rich region 
which binds to Zn and may be involved in the discrimination between unmethylated 
and hemimethylated DNA.
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homogeneous preparations of human MTase. This complex was only formed in the 
presence of AdoMet, which suggests that complex formation is dependent on methyl 
transfer, as with the prokaryotic MTases.
The C-terminal catalytic domain of mouse MTase is joined to the N-terminal 
domain by a run of 13 alternating glycyl and lysyl residues. It has been proposed that 
during the evolution of eukaryotic MTases the 'prokaryotic' catalytic domain has 
become fused at the genetic level to an unrelated protein, and that the site of this 
fusion is the Lys-Gly repeats (Bestor, 1990). The first 200 amino acids of mouse 
MTase are very rich in charged and polar amino acids and the first -3(X) amino acids 
are very susceptible to proteolytic cleavage during enzyme purification. Deletion of 
these sequences does not affect de novo or maintenance méthylation in vitro (Bestor 
and Ingram, 1985).
Residues 207 to 455 have been shown to target mouse MTase to replication 
foci in S phase nuclei. Thus replication and méthylation are closely coordinated, 
which is to be expected for faithful inheritance of méthylation patterns to occur. The 
nature of this association is not known and indeed, the structural organisation of 
replication foci and associated proteins is poorly understood at present. Incidentally, 
this work revealed a functional nuclear localisation signal at residues 72-92  
(Leonhardt et a l ,  1992). Surprisingly, the N-terminal domain was found to contain a 
region similar to an Arg- and Ser-rich motif which may be involved in the assembly 
of splicing complexes. This region is overlapped by a region related to Nopp 140 (a 
protein which is thought to shuttle between the nucleolus and the nuclear membrane 
via some kind of nuclear filament). The region of Nopp 140 similarity represents most 
of the replication foci-targeting domain. As MTase is never associated with splicing 
complexes or the nucleolus, it has been suggested that the similarities between these 
proteins represent divergent forms of a sequence which interact with different classes 
of hypothetical motile nuclear filaments, which direct the proteins to specific nuclear 
domains (Bestor and Verdine, 1994).
In the centre of the N-terminal domain is a cluster o f 8 cysteinyl residues
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which has been shown to bind zinc ions and which may be part of a DNA binding 
m otif (Bestor, 1992). In addition the m otif S/TPXX, where X tends to be a basic 
amino acid, occurs ten times in the N-terminal domain; these motifs are frequently 
found in regulatory proteins and bind to the minor groove o f DNA, the narrower 
groove of AT rich DNA being the preferred binding site (Churchill and Suzuki, 
1989).
The N -term inal dom ain is involved in the discrim ination between 
unmethylated and hemimethylated DNA. Adams et al. (1983) observed an increased 
rate o f de novo méthylation following the treatment of a crude DNA MTase 
preparation with trypsin and concluded that the enzyme must contain a protease- 
sensitive domain that makes contact with the 05  methyl group of hemimethylated 
sites. Protease V8 was shown to cleave DNA MTase between the N- and C-terminal 
domains. Cleavage caused a large stimulation of de novo méthylation, w ithout 
significant alteration in maintenance méthylation activity. This demonstrates that the 
N -terminal domain suppresses the de novo activity of the C-terminal domain 
(Bestor, 1992). However, since the 3D structure of yi.H hal MTase discussed earlier 
reveals that the DNA is contacted in the major groove by regions from the variable 
domain, there appears to be little room for contacts with a component of the N- 
terminai domain of the eukaryotic MTases. It has been suggested that it is méthylation 
dependent structural alterations in DNA, rather than the direct contacts with the major 
groove which are responsible for the discrimination between unmethylated and 
hemimethylated substrates, and that the zinc binding domain is responsible for 
sensing the méthylation status of DNA (Bestor, 1992).
The cenual importance of DNA MTases in mammalian development has been 
demonstrated by the targeted mutation of mouse MTase. Embryonic stem cells (ES 
cells) homozygous for this mutation showed a 3-fold drop in 5-mC levels, yet were 
ostensibly normal in other respects. However, when this mutation was introduced to 
the germ line, the resultant homozygous embryos were developmentally retarded and 
died mid-gestation. Histological analysis of the embryos showed wide-spread cell
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death and reduced proliferation. The underlying cause of cell death is not known, 
though a likely possibility is inappropriate gene expression (Li et a l ,  1992).
1 . 5 . 3  Plant DNA m ethyitransferases
As mentioned in section 1.2, the DNA of higher plants contains 5-mC in both CpG 
and CpNpG sequences, and plants must therefore have a MTase or MTases specific 
for both targets. The CpNpG motif is also symmetrical, which would allow clonal 
inheritance of ‘^ CpNpG through maintenance méthylation.
DNA MTases have been partially purified and characterised from a number of 
plant species. Purification of MTase from wheat embryo revealed two polypeptides 
of 50 and 30 KDa (Theiss et a l ,  1987), whereas MTase purified from cultured rice 
cells had an apparent molecular weight o f 54 KDa (Giordano et a l ,  1991). Initial 
work in our laboratory on the purification of MTase from pea seedlings showed a 
single polypeptide of 160 KDa. This protein was very unstable and rapidly broke 
down in storage into smaller polypeptides which were still active (Yesufu et a l ,  
1991). It is this instability which may have accounted for the lower molecular 
weights quoted for the other plant MTases. The MTases isolated from the different 
plant sources all differed in their preferred substrates and levels of maintenance over 
de novo méthylation. Both the wheat and the pea enzyme would metliylate cytosines
in the CNG trinucleotide but it was not clear whether CG sequences were also
.methylated. The study of plant MTases is complicated by the fact that there are two 
.
different specificities involved which may or may not reside in the same enzyme. The 
picture is further com plicated by proteolytic breakdown w hich may alter the 
maintenance/(ie novo activities and, of course, the molecular weight determinations. 
The substrate specificity of the partially purified pea MTase was investigated further 
by using a variety of methylated and hemimethylated synthetic oligonucleotides as 
substrates. A strong preference for hem imethylated substrates (relative to the 
mammalian MTases) was observed using crude extracts. Further purification revealed
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two peaks of activity with different relative activities for di- and tri-nucleotide 
substrates, and the two activities had different heat stabilities. This was the first 
indication that the two different specificities did reside in two separate MTases in 
plants (Houlston et al., 1993). The two different activities in pea were subsequently 
purified by Pradhan and Adams (1995). They identified an enzyme o f 140 KDa (the 
putative CpG MTase) which methylates only CG and Cl dinucleotide sequences, and 
an enzyme of 110 KDa (the CpNpG MTase) which methylates only CAG and CTG 
sequences but not CCG or CGG sequences. Both the enzymes had maintenance and 
de novo activity. No evidence for the presence of a third enzyme activity specific for 
the outer cytosine of the CCG motif was found in any of the fractions (from genomic 
sequencing of oligonucleotides methylated in vitro), although the CG enzyme did 
show weak affinity for the outer cytosine in the CCG motif, when it was replaced by 
the analogue 2-pyrimidinone-l-p-D-2"-deoxyribofuranoside (d^^HC). (This analogue 
reacts with the enzyme to form a covalent adduct (Taylor et al., 1993).) Although 
Gruenbaum et al. (1991) had presented data suggesting the presence of "^CpCpG 
sequences in plant DNA, this has never been demonstrated directly in endogenous 
plant genes.
Two putative MTases have been cloned in Arabidopsis thaliana. The first of 
these, a cDNA clone, encodes a protein of -ISO  KDa which has an N-terminal 
domain linked to a catalytic C-terminal domain. The C-terminal domain shares 50% 
homology with the mouse enzyme, and contains all the conserved motifs discussed 
earlier (section 1.5.2). There is also sequence homology in the variable region, 
except that that of A rabidopsis  is shorter by about 40 amino acids. Sequence 
homology is much less in the N-terminal domain (24%), and is limited to short 
stretches. One of these is the sequence that targets the MTase to replication foci in 
mouse. The other is the motif S/TPXX (see section 1.5.2) which occurs five times in 
the Arabidopsis  sequence. Unlike mouse MTase, the N-terminal domain of this 
putative MTase does not contain a zinc binding motif (Finnegan and Dennis, 1993). 
The evidence suggests that this cDNA encodes a DNA MTase capable of maintenance
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(and possibly de novo) méthylation, but it is not possible to predict whether this is a 
CpG or CpNpG MTase. The authors also found evidence for the existence of a 
family of related genes in Arabidopsis.
The other putative Arabidopsis  DNA MTase clone was a genomic clone 
(Scheldt et al., 1994a). The protein predicted lacks an N-terminal domain and, in that 
sense, is much more like the prokaryotic type II cytosine-C5 MTases. It was 
proposed that this MTase, because it lacked the modulating function and replication 
foci targeting sequence provided by the N-terminal domain, was a de novo MTase. 
The problem however, is that it also lacks a nuclear localisation signal which would 
be necessary for the enzyme to methylate genomic DNA. This putative MTase had 
very little sequence homology with the mouse catalytic domain, or that of the other 
Arabidopsis clone, even in the conserved motifs (with the exception of motif I). This 
paper, however, has since been retracted (Scheldt et al., 1994b) because of 
falsification of sequence data of motif I by the first author. Subsequent cloning and 
sequencing o f the cDNA corresponding to this genomic clone has revealed only 
"motif VI" (i.e. the sequence ENV) to be encoded (Nebendahl and Baumlein, 1995). 
The function of the protein encoded by this cDNA is unknown, but it is extremely 
unlikely to be a MTase.
1 .5 .4  E u k a ry o tic  DNA m e th y ltran sfe ra se  hom ologues
Two different eukaryotic genes with homology to DNA MTases have been cloned 
recently. The first, All-1, was cloned from mouse and is related to the trithorax gene
of Drosophila, which control the expression of homeobox genes. The predicted All-1 
protein is not a eukaryotic MTase homologue per se, but it does share the unusual 
Cys-rich zinc binding motif of the N-terminal domain of mammalian MTases. It also 
contains the AT rich minor groove binding motifs which are present in the N-terminal 
domains of both the mammalian stnd Arabidopsis MTases. Interestingly, the trithorax 
protein of D rosoph ila  lacks this zinc-binding motif. As there is no 5-raC in
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Drosophila DNA, it has been suggested that All-1 codes for a DNA binding protein 
which may have the ability to distinguish methylated DNA (Ma et aL, 1993; Bestor 
and Verdine, 1994). As mentioned in section 1.5.2, the N-terminal domain of mouse 
MTase (which includes the Zn binding motif) inhibits de novo méthylation, and must 
therefore be able to sense the méthylation status of DNA. This lends support to the 
proposed role of this zinc-binding motif.
The second gene, p m f i ’*’ , was cloned from  the fission  yeast 
Schizosaccharomyces pombe. The cDNA encodes a protein which contains all the 
conserved motifs of the type II cytosine-C5 MTases. However, there appears to have 
been an insertion of a serine residue before the catalytic cysteine residue of motif IV. 
The expressed protein is not able to methylate DNA in vitro; which is consistent with 
the fact that S. pom be, like other yeasts, has no 5-mC in its DNA. So far, the 
specificity of this enzyme has not been identified but it has been proposed to be an 
RNA methyltransferase (W ilkinson et aL, 1995). However, deletion of the serine 
residue resulted in the restoration of DNA MTase activity, specific for the sequence 
CC(A/T)GG (which is also the sequence modified by M .EcoRII) (Pinabarsi et al., 
personal communication).
The study of DNA MTase homologues and pseudo DNA MTases may help 
towards understanding the evolution and functional significance of eukaryotic DNA 
MTases.
1.6 CpG islands
As mentioned earlier, 5-mC is only found in the dinucleotide CpG in vertebrate 
DNA. However, CpG sequences are under-represented in the vertebrate genome, 
occurring at only one fifth the expected frequency. Although an excision repair 
mechanism which operates at 90% efficiency exists to repair G/T mismatches back to 
GC (Wiebauer and Jiricny, 1989; Neddermann and Jiricny, 1993), the replication of 
the unrepaired product of 5-mC deamination has led to the depletion of CpG
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sequences during vertebrate evolution. That this is the cause of CpG depletion is 
corroborated by the fact that TpG and CpA sequences (which would be expected to 
arise after replication of a TpG mismatch) are correspondingly over-represented in 
higher eukaryotic DNA (Sved and Bird, 1990).
However, there are localised regions of vertebrate genomes which have a 
G+C content o f over 60% (in the case of warm-blooded vertebrates), and contain 
CpG sequences at the expected frequency. These regions contribute about 1-2% of 
the vertebrate genome and are known as CpG islands (Bird, 1986).These islands 
contain many H pall sites close together {HpaXl will cleave the sequence CCGG 
provided the second cytosine is unmethylated), and on digestion give rise to HpaJl 
tiny fragments (HTFs). These islands are further characterised by the fact that they 
are unmethylated in the germ line and in all somatic tissues except in the inactive X 
chromosome in female mammals (section 1.8.1) and in imprinted genes (section 
1.8.2). According to this model, it is their unmethylated status in the germ line which 
has led to their preservation throughout vertebrate evolution.
CpG islands are about 0 .5-3  kb long and are mostly associated with the 5 ' 
end of housekeeping genes; often covering the first few exons as well as upstream 
regions. However, some CpG islands have been found in the V  end of genes; for 
example the glucose-6-phosphate dehydrogenase gene (W olf et aL, 1984). All 
housekeeping genes sequenced to date have been found to contain a CpG island. On 
the other hand, only about 40% of tissue specific genes or genes of limited 
expression have been found to be associated with CpG islands, and there seems to 
be no bias in the position of the island towards the 5 ' end of these genes (Larsen et 
al,, 1992). It has been suggested that tissue specific genes that contain CpG islands 
represent a transitionary stage in the adaptation of a housekeeping gene to a tissue 
specific function (Edwards, 1990).
A bnorm al m éthylation o f a CpG island can have dram atic medical 
implications. For example. Fragile X syndrome, which is the most common inherited 
form of mental retardation, is linked to the abnormal méthylation and unstable length
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of a CpG island which maps to the breakage point of the fragile X (Bell et al., 1991). 
It is known that the affected gene ipM R 1) is transcriptionally silent in affected 
individuals (Pieretti et al., 1991), so it may be that CpG island méthylation itself is 
responsible for the phenotype.
The involvement of de novo méthylation of CpG islands associated with 
certain tumour suppressor genes, for example the retinoblastoma gene (Sakai et al., 
1991), has been implicated in tumourigenesis in some cancers. De novo méthylation 
o f CpG islands has also been observed in cell lines (Antiquera et al., 1990). This de 
novo  méthylation has occurred in genes non-essential for growth in culture or in 
genes whose expression prevents im mortalisation (Jones et al., 1990), and is 
presumably a random event. In many cases, these 'epimutations' (Holliday, 1987) 
can be reversed by treatment with 5-azacytidine. However, as these islands are never 
methylated in normal cells in the organism, this phenomenon is of limited value as a 
model for understanding methylation-mediated gene inactivation.
To summarise: CpG islands could have evolved to 'mark out' promoter 
sequences and simplify their interaction with the transcriptional apparatus (Antequera 
et a/., 1989). This is corroborated by the fact that only organisms with very large 
genomes have CpG islands (Antequera and Bird, 1993).
The question that rem ains however, is how do CpG islands rem ain 
méthylation free. Since they become methylated on the inactive X-chromosome (Xi), 
it cannot be that they are not substrates for methyltransferase, and yet it has been 
shown that CpG islands remain méthylation free once introduced into transgenic 
mice, regardless of their expression (Kolsto et al., 1986). The somatic méthylation 
pattern of an adult is established at implantation (Kafri et a/., 1992), the méthylation 
pattern from the gametes having been erased in the morula and early blastula (Monk 
et al., 1987). At this stage o f embryogenesis there must be a mechanism of 
distinguishing CpG island from non CpG island sequences so that CpG islands are 
protected from de novo méthylation and/or are actively demethylated. The evidence 
suggests there is a combination of the two. Frank et al. (1991) demonstrated that an
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in vitro methylated hamster adenine phosphoribosyltransferase (APRT) gene became 
demethylated at its CpG island in transgenic mice, whereas the 3 ' end remained 
methylated. Transient transfection studies with the same construct showed this 
déméthylation to be rapid, which implies an active enzymatic process, and to be a 
feature of embryonic cells. Such a demethylating activity (specific for hemimethylated 
CpG sites) has been identified in nuclear extracts of chick embryos and operates by 
an excision repair mechanism (Jost, 1993). Brandeis and co-workers found that the 
ham ster APRT CpG island was protected against de novo m éthylation upon 
transfection into cultured ES cells (somatic cells are much less efficient at de novo 
méthylation; Jahner and Jaenisch, 1985). Crucially, they also found that the presence 
o f upstream Sp 1 elements was necessary for both the prevention of de novo island 
méthylation and the active déméthylation of in vitro methylated islands. Moreover, 
the insertion of an Spl consensus element about 10-50 bp upstream of a HpaU  site in 
the non island containing (3-globin gene induced substantially déméthylation of that 
site upon transfection into ES cells (Brandeis et al., 1994). As Spl sites are 
frequently associated with CpG islands, this could be the general mechanism by 
which CpG islands remain méthylation free. Though Spl elements are involved with 
transcription, promoter activity is not essential for déméthylation. Tissue specific 
genes containing CpG islands remain unmethylated at these islands in tissues where 
the genes are not expressed.
1 .7  DNA m éthylation and transcriptional activity
It is now well established that DNA méthylation inhibits the expression of many 
tissue specific and housekeeping genes (reviewed by Doerfler, 1983; Razin and 
Cedar, 1991). However, to date there is no clear cut answer as to the mechanism of 
transcriptional activation, or indeed whether a causal relationship exists at all in vivo. 
or whether méthylation serves to maintain established states of inactivation. In some 
instances DNA m éthylation appears to act directly, affecting the binding of
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transcription factors to promoter sequences. In others, DNA méthylation may inhibit 
transcription indirectly by altering chromatin structure. These alternative mechanisms 
are discussed below.
1 . 7 . 1  DNA m éthylation affects the binding o f transcription
factors
The physical presence of a methyl group in the major groove of DNA can prevent 
transcription factor binding. This provides a mechanism whereby méthylation of 
specific sites in promoter and enhancer elements can inhibit transcription. Binding 
can be inhibited by eliminating specific protein-DNA contacts or by altering local 
DNA geometry (Molloy and Watt, 1990).
A number o f transcription factors whose binding is inhibited by méthylation 
o f their target sequences have been identified (reviewed by Tate and Bird, 1993). 
These include MLTF (Molloy and Watt, 1990), c-Myc/M yn (Prendergast et al., 
1991), the cAMP responsive element (CRE) binding protein (Iguchi-Ariga and 
Schaffner, 1989), the activating protein 2 (AP2) (Comb and Goodman, 1990; 
Hermann and Doerfler, 1991) and NF-kB (Bednarik et al., 1991). In most of these 
cases, méthylation was found to be associated with lack o f factor binding (in gel 
retardation experiments and In vivo footprinting), and with transcriptional inactivity 
(transient expression of reporter gene constructs and in vitro transcription assays).
However, in the case of the rat tyrosine aminotransferase (TAT) gene, though 
lack of binding of ubiquitous transcription factors to upstream elements in vivo was 
found to be associated with méthylation of these sites, treatment with 5-azacytidine 
did not induce factor binding. In this case, the nucleosomal organisation of the 
potential binding sites suggested that chromatin structure was the dominant 
determinant of transcription factor binding (Weih et al., 1991). Other transcription 
factors such as Spl (Harrington et a /.,1988; Bryans eta l., 1992) or CTF (Ben Hattar 
et al., 1989) are insensitive to méthylation of their binding sites.
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Clearly additional, more general mechanisms are involved in methylation- 
mediated gene repression.
1 . 7 . 2  M ethylcytosine binding proteins
The alternative mechanism by which méthylation can inhibit gene expression is 
through the binding of proteins specific for methylated DNA which in turn prevent 
the binding of transcription factors. Several of these m ethylated DNA binding 
proteins have been identified in vertebrates (Meehan et al., 1989; Lewis et al., 1992; 
Jost and Hoffsteenge, 1992) and in higher plants (Zhang et al., 1989; Ehrlich, 1992; 
Ehrlich et at., 1992) and are referred to as methylated DNA binding proteins 
(MDBPs), methylated cytosine binding proteins (MeCPs) or DBP-m in the case of 
the plant protein.
MDBP-2 was first identified as a down-regulating transcription factor for the 
chicken vitellogenin gene (Pawlak et al., 1991). The purified protein requires a 
minimum 30 base pairs and the presence of one symmetrically methylated cytosine 
for binding in vitro. Interestingly, sequence analysis revealed MDBP-2 to be a 
member of the histone H I family (Jost and Hoffsteenge, 1992).
MeCP-1 binds to a minimum of 12 symmetrically methylated CpGs ("^CpGs) 
and can repress the transcription of methylated promoters in vitro and in transfected 
cells. The extent of repression depends upon the density o f *^CpGs and on the 
promoter strength (Boyes and Bird, 1991; Boyes and Bird, 1992).
MeCP-2, a much more abundant protein, will bind to sequences containing 
only one symmetrically methylated CpG and is associated with heterochromatin 
(Lewis et al., 1992), However, MeCP-2 does not preferentially inhibit transcription 
of methylated genes in vivo (Meehan et al., 1992). MeCP-2 may be involved in the 
genome-wide protection of "^CpGs against nucleases observed by Antiquera et al. 
(1989).
The current model hypothesised by Bird and co-workers is that MeCP-1
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competes with transcription factors for binding to methylated DNA. Binding of 
M eCP-1 then guides the DNA into a heterochromatic structure which is stabilised by 
association with Me CP-2 (Meehan et al., 1992). This model can only be tested 
however, once purified M eC P-1 becomes available. Nevertheless, the central 
importance of M eCP-2 in mammalian development has been dem onstrated by 
knockout experiments. Mice lacking both M eCP-2 alleles die very early on in 
embryogenesis and show developmental abnormalities similar to those exhibited by 
the hypomethylation mutant embryos described in section. 1.5.2 (Bird, personal 
communication). This finding is in agreement with the proposed role of MeCP-2 as a 
mediator of the effects o f DNA méthylation on the developmental regulation of gene 
expression. It would be interesting to see if plants have analogous MeCPs which 
bind to *"CpGs and even "^CpNpGs and which may play a similar role.
1 . 7 . 3  DNA méthylation and chromatin structure
Transcriptonally active euchromatin is more susceptible to nuclease digestion than 
inactive heterochromatin as a result of its more open structure. It is considered that an 
open chromatin structure is necessary for initiation of transcription (Adams and 
W orkman, 1993). The first indication that methylated DNA was in a specific 
chromatin structure came from the work of Razin and Cedar (1977). Mouse nuclei 
were digested with micrococcal nuclease and the solubilised chromatin analysed for 
5-mC content. A fter extensive digestion, 50% of the chrom atin rem ained 
unsolubilised and contained 70% of the total 5-mC. Subsequently, Solage and Cedar 
(1978) showed that 5-mC is released more slowly than thymidine, and does not start 
to appear until 15% of the DNA had been solubilised. Thus 5-mC is organised in 
chromatin structures that are relatively resistant to nuclease digestion. Keshet et al. 
(1986) provided direct evidence that méthylation of DNA leads to the formation o f a 
closed chromatin structure by transfecting mouse L cells with methylated constructs 
which were integrated into tlie genome. The methylated constructs adopted a DNase I
29
iS.
resistant structure characteristic of inactive chromatin. Nuclease insensitivity has been 
observed for a variety o f methylated genes (Antequera et al., 1989; Levine e ta l., 
1991) and it has been reported that a closed chromatin structure is associated with 
transcriptional inactivity. Furthermore Buschhausen et al. (1987) demonstrated that 
transcriptional inhibition of a methylated thymidine kinase (TK) construct occurred 8 
h after injection into X enopus  oocytes, corresponding with the assembly o f the 
transfected constructs into chromatin. If  the construct was assembled into chromatin 
prior to injection, inhibition was immediate.
Since CpG islands usually contain the promoters o f housekeeping genes 
(section 1.6) which are by definition transcriptionally active, CpG islands should 
represent open chromatin. This has shown to be the case with two X-linked genes, 
hypoxanth ine phosphoribosy ltransferase  (hprt)  and glucose 6-phosphate 
dehydrogenase (g6pd), whose GpG islands are hypersensitive to nucleases such as 
M spl, DNase I and SI nuclease on the Xa (Kerem et al., 1983). Analysis of CpG 
island chromatin revealed it to be much less abundant in H I (about 10%) compared to 
bulk chromatin. In addition, histones H3 and H4 were found to be highly acetylated 
compared to those of bulk chromatin (Tazi and Bird, 1990). Hebbes et al. (1988) had 
previously dem onstrated enrichm ent o f actively transcribed regions upon 
immunoprécipitation with an anti-acetylated H4 antibody. On digestion of CpG island 
chromatin fractions with micrococcal nuclease, a sub-nucleosomal sized fraction was 
identified. Southern hybridisation with c-fos revealed that a region of the promoter of 
this gene belonged to this fraction, and must therefore be lacking a nucleosome (Tazi 
and Bird, 1990). This region had previously been identified as a D Nase I 
hypersensitive site. In a detailed study by Pfeifer and co-workers, the CpG island of 
the human X-linked phosphoglycerate kinase (pgk) gene on the Xa was found to be 
completely unmethylated, free of nucleosomes and showed footprints for putative 
transcription factors on the Xa, whereas the same sequence on the Xi was shown to 
be wrapped around two nucleosomes and had no evidence for transcription factor 
binding (Pfeifer et al., 1990a; Pfeifer et al., 1990b; Pfeifer and Riggs, 1991; Pfeifer
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e ta l ,  1991; Pfeifer e ra /., 1992).
H eterochrom atin  can be constitu tive  or facu lta tive . C onstitu tive 
heterochrom atin often contains sequences that are highly repetitive, whereas 
facultative heterochromatin arises from inactivation o f previously euchromatic 
regions. The best exam ple of facultative heterochrom atin is the inactive X 
chromosome (Xi) in female mammals. Both the mouse major satellite DNA and the 
Xi are extensively methylated, heterochromatinised and replicate late in S phase. 
Treatment with 5-azacytidine brings about earlier replication both of genes on the Xi 
(Jablonka et al., 1985) and o f the mouse major satellite DNA (Selig et al., 1988). 
The temporal separation of replication of hypermethylated heterochromatinised DNA 
could result in a difference in cellular environment and thus could be involved in 
maintenance of differential chromatin structure and méthylation levels.
In an attempt to understand the higher order structures responsible for 
nuclease resistance of methylated DNA, Ball et al. (1983) fractionated nucleosomes 
on agarose gels following micrococcal nuclease treatment. They found that the 
histone H I associated nucleosome fraction was significantly enriched for 5-mC 
compared to nucleosomes lacking H I and concluded that association o f H I with 
nucleosomes contributed to nuclease insensitivity. However, some in vitro binding 
studies have not shown preferential binding of H I to methylated DNA but that 
binding results in a change in conformation, rendering the DNA insensitive to M spl 
digestion. This does not happen with unmethylated DNA (Higurashi and Cole 1991). 
Johnson et al.(1995) also showed no preferential binding of H I to methylated DNA, 
but that H I preferentially inhibits in vitro transcription of methylated templates. In 
contrast, other workers have found that H I does preferentially bind methylated DNA 
(Levine et al., 1993). This is supported by the work of Jost and Hoffsteenge (1992) 
on H I related MDBP-2 (see previous section) who also showed that H I is a more 
efficient inhibitor of transcription from a methylated template than an unmethylated 
template.
Kass et al., (1993) transfected in vitro patch-methylated plasmid constructs
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containing the CAT reporter gene into cultured cells, and found that the methylated 
patch was able to initiate the spreading of chromatin and subsequent transcriptional 
inactivation of the reporter gene, even when the methylated patch did not include the 
reporter gene, and that the degree of inhibition was dependent on the size of the 
patch. This spreading effect has also been observed by C. Johnson, working in our 
laboratory, on chromatin assembled in vitro on the same constructs.
The association of other proteins with methylated DNA was implicated by the 
work of Antequera et al. (1989) who observed protection from digestion with Msp\ 
and Pthl of bulk chromatin. These enzymes have a CpG in their recognition sites and 
will cut irrespective of its méthylation. In contrast, enzymes which do not have a 
CpG in their recognition sequence cleave bulk chrom atin extensively. The 
interpretation of these findings was that there was an associated protein specific for 
mCpG. Two such proteins have been identified (MeCP-1 and -2), and have been 
proposed to be the mediators of the effects of DNA méthylation on transcription and 
chromatin structure (see section 1.7.2), though in vitro studies have shown DNA 
méthylation to have an effect on transcription when nucleosomes are assembled in the 
absence of these proteins (Englander et a i,  1993).
1 .8  DNA m éthylation and development
It has been proposed that DNA méthylation is an important epigenetic mechanism 
involved in the developmental program (reviewed by Holliday, 1987; Cedar and 
Razin, 1990). That DNA m éthylation is absolutely essential for mammalian 
development has been demonstrated by Li et al.(1992) (see section 1.5.2). Monk et 
al. (1987) compared the genome-wide méthylation levels between germ cells and 
embryos of mice by digestion with M spl and HpaU.. They observed that oocyte DNA 
is undermethylated relative to sperm DNA and that the level of méthylation in the 8- 
cell embryo was the average of the maternal and paternal genomes. This inherited 
pattern of méthylation is lost between the 8-cell and blastocyst stages, resulting in
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undermethylation of both extraembryonic and embiyonic tissues (Howlett and Reik, 
1991; Kaffi et al., 1992). Paradoxically, the level of nuclear MTase is at its highest at 
the 8-cell stage, although it does not appear to be localised to replication foci. The 
MTase present at this stage o f development is the smaller foim  which is inherited 
from the oocyte (see section 1.5.1). However, since it has the same in vitro activity 
as somatic MTase, an interaction with other factors which may modify its activity in 
the embryo implicated (Carlson et al., 1992).
It is possible that déméthylation is necessary in order to establish somatic 
méthylation patterns. De novo méthylation and X-chromosome inactivation occur 
around the time o f implantation. Jahner and Jaenisch (1984) dem onstrated that 
implantation embryos were capable of de novo méthylation but this ability did not 
extend into postim plantation stages. D e novo m éthylation occurs ju st before 
gastrulation and leads to the hypermethylation of non-island DNA whereas island 
DNA remains unmethylated (Kafri et al., 1992). It is possible that CpG islands are 
both actively demethylated and protected from de novo méthylation by virtue of the 
fact that they contain multiple Spl elements (Brandeis et al., 1994), as discussed in 
section 1.6, The second step involves the establishment of tissue specific and gene 
specific méthylation patterns, and occurs in late embryonic development. A well 
documented example is the muscle-specific déméthylation of the a-ac tin  gene. 
Yisraeli et al. (1986) transfected in vitro methylated a-actin constructs into cultured 
cells, and found that the prom oter was specifically dem ethylated and actively 
transcribed in myoblasts but not in fibroblasts. Thus muscle cells have the ability to 
recognise and activate by déméthylation this muscle-specific gene. The déméthylation 
was found to be active and dependent on the presence o f cis-acting sequences 
(Pai'oush et al., 1990). The establishment of tissue-specific méthylation patterns 
appears to develop by a wave of déméthylation followed by méthylation in early 
embryogenesis,which is then followed by specific déméthylation in later stages of 
development. Méthylation may therefore have a role to play in the coordination of 
gene expression in a tissue-specific and tem porally specific m anner during
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development. Once established, somatic méthylation patterns can then be clonally 
inherited through many cell divisions through maintenance méthylation.
1 . 8 . 1  X -C hrom osom e inactivation
X-chromosome inactivation is a mechanism of gene dosage compensation in female 
mammals. One of the X-chromosomes (which is randomly assigned in the case of the 
eutherian mammals) becomes inactivated in each cell of the embryo, around the time 
o f de novo  m éthy la tion . The in ac tiv a tio n  is ch a rac te rised  by the 
heterochromatinisation of the inactive X chromosome (Xi), which is recognisable in 
interphase nuclei as the densely staining Barr body. The Xi is further characterised by 
the fact that its CpG islands are hypermethylated. A number of studies on the CpG 
islands of X-linked genes such as g6pd  (Wolf et aL, 1984; W olf and Migeon 1985; 
Toniolo et al., 1988) and hprt (Lock et a l ,  1986; Sasaki et al., 1992) have shown 
that the CpG islands are hypermethylated and nuclease insensitive on the Xi, and that 
treatment of the Xi with 5-azacytidine could bring about nuclease sensitivity. 
Inactivation is thought to occur in three stages: initiation of inactivation, the spreading 
of the inactivation along the length of the chromosome and the maintenance of the 
inactive state of the chromosome. However, most of the data so far give evidence for 
the involvem ent o f DNA m éthylation in the maintenance of the inactive X 
chromosome. The role of DNA méthylation as the initial signal for the spreading of 
heterochrom atinisation is d isputed by Lock et al. (1987), who found that 
heterochromatinisation of the Xi preceded the méthylation of the CpG island of hprt 
by several days. Heterochromatinisation is initiated at a region known as the X 
chromosome inactivation centre (known as XIC in humans) which maps to X ql3  
(Brown et a l ,  1991a). A gene (XIST) has been identified which maps to the XIC 
and, in contrast to other X-linked genes, is unmethylated and transcriptionally active 
only on the Xi (Brown et al., 1991b). The X IST  cDNA is 17 kb long, includes 
several tandem repeats and does not appear to code for a protein, which suggests that
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■the RNA has some structural function. Evidence for this was provided by in situ 
hybridisation experiments that showed XIST  RNA to be localised in the Barr body 
(Brown et al., 1992). Thus, the association of X IS T  RNA may initiate X- 
chromosome inactivation through some as yet unknown mechanism which leads to 
heterochromatinisation, a state that is subsequently maintained by DNA metliylation. 
However, it could be merely the fact that the gene is transcriptionally active, and 
therefore in an open chromatin structure, that prevents méthylation (see section 
1.5.1), and the spread of heterochromatinisation throughout the X  chromosome. The 
work of Kass et al., (1993) indicated that methylated DNA is able to initiate the 
spreading of chromatin into unmethylated regions (see previous section), and this at 
least points to a possible mechanism for the spreading of heterochromatinisation from 
the XIC.
1 . 8 . 2  Im printing
During development, functional differences o f maternal and paternal chromosomes in 
terms of differential gene expression are conferred by genomic imprinting. This may 
prevent either the female or male genome becoming totipotent by itself so that both 
germ lines are are required for normal mammalian development (reviewed by Surani 
et al., 1990). Although little is known of the molecular basis of the imprint, it has 
been suggested that the mechanism must fulfil the following criteria. Firstly, the 
primary imprint must be laid down during gametogenesis as this is the only time at 
which male and female genomes are separated and can therefore be differentially 
imprinted. Second, this imprint must be clonally inherited which means that the 
imprint must be re-imposed following DNA replication. Thirdly, re-programming 
must be possible, so that for example a maternally derived gene can be given a male- 
specific imprint in the male germline. Finally, the imprint must affect the transcription 
of the gene, so that parental-specific expression of the locus is achieved. Méthylation 
can in theory fulfil all the above criteria.
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M éthylation has been shown to be involved in the im printing of X 
chromosomes in female eutherian mammals (in extra-embryonic tissues only), where 
the paternally-derived X chromosome is preferentially inactivated (Takagi and Sasaki, 
1975). The site of the primary imprint appears to be the X IST  gene as expected. 
Recently, the murine equivalent of the X IS T  gene (Xist) has been shown to be 
unmethylated in sperm at CpG sites at its 5 ' end. In contrast, the same sites on the 
maternal allele are initially methylated on the oocyte, and remain modified in the early 
embryo; the differential parental méthylation patterns persisting to the blastocyst stage 
when the paternal X chromosome inactivation occurs. In the male germ line 
déméthylation of these sites occurs during spermatogenesis, an event that precedes 
reactivation of X ist in the testis. This presents a clear cut example of a potential 
méthylation imprinting signal that is reprogrammable and gamete derived (Zuccotti 
and Monk, 1995; Ariel etaL , 1995).
Most of the data concerning méthylation and autosomal genomic imprinting 
comes from studying the m éthylation patterns o f transgenes in mice. These 
transgenes are differentially methylated in a parental origin dependant manner and the 
méthylation pattern can be switched upon passage through the germ-line of the 
opposite sex (Sapienza et al., 1987; Reik et al., 1987).
With the isolation o f endogenous imprinted genes from mouse, it became 
possible to directly tackle the molecular mechanism o f genomic imprinting. For 
example, the insulin-like growth factor H receptor gene (Jgf2r), is expressed only on 
the maternally inherited chromosome (Barlow eta l., 1991), whereas the insulin-like 
growth factor II gene {Igf2) gene is only expressed on the paternal chromosome 
(DeChiara et al., 1991). Biallelic expression of the IG F 2  gene in humans is 
associated with B eck\/ith-W eidem ann syndrome (a congenital overgrow th 
syndrome). The CpG island associated with the promoter o f the Ig f i r  gene was 
found to be methylated only on the inactive paternal allele (Stoger et al., 1993). 
However, the promoter-associated CpG island of the Igf2 gene is unmethylated and 
DNase I hypersensitive on both the maternal and paternal alleles. A link has been
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suggested between the reciprocally imprinted H 19  gene, which is situated 90 kb 
away from the Igf2 gene. Li et aL (1993) followed the transcriptional activity of the 
three genes in methylation-deficient mutant embryos (Li et al., 1992). Though they 
found that the normally inactive paternal allele of H19 was active, the normally active 
alleles of the other two genes were inactive.
It appears that in the case of Igf2, paternal méthylation of the H19 gene forms 
the primary imprint, as targeted deletion of H I 9 results in biallelic expression of Ig fl 
in mice that have inherited the mutation from their mother, but not their father 
(Leighton et al., 1995). A pattern of differential méthylation of the 5" end of H19 was 
found to be established in male and female gametes, a subset of which is maintained 
in the preimplantation embryo, and it has been suggested that paternal specific 
méthylation of the far 5 ' end of H 19  forms the primary imprint (Tremblay et al., 
1995). H 19, like theX /5T  gene, codes for an untranslatable RNA. An enhancer 
competition model has been suggested (Leighton et al., 1995), whereby H19  and 
/g/2 share enhancer elements and inactivation of the (perhaps stronger) H19 promoter 
by imprinting results in the enhancer driving Ig(2 expression.
1 .9  DNA m éthylation in higher plants
Though the study of the DNA méthylation in higher plants is a relatively young field, 
there are data accumulating that support the notion that it is involved in the regulation 
of gene expression (reviewed by Finnegan et al., 1993).
Patterns of méthylation in higher plants are far from random. For example 
unique sequences which comprise ~38% of the cotton genome, contain only 4% of 
the total 5-mC (Guseinov et al., 1975). This is consistent with the proposed role of 
méthylation in the suppression of recombination of repetitive sequences (see section 
1.3). Furtheim ore, even though 80% of cytosines in CpG dinucleotides are 
modified, a number of plants have been shown to have a HTF fraction in their DNA 
(see section 1.6), such as maize tobacco and wheat (Antequera and Bird, 1988) and
also tomato (Messeguer et al, 1991), suggesting that plants also have CpG islands. 
Unmethylated CpG islands containing DNase 1 hypersensitive sites have been found 
to be associated with the 5" end of several genes such as the alcohol dehydrogenase 
{Adh 1) and the sucrose synthase (Sh 1 ) genes of maize (Antequera and Bird, 1988). 
In addition, the CpG island of Adh  1 remained méthylation free at the CpG and 
CpNpG sites tested, even in leaf tissue where it is not expressed (Nick et al., 1986). 
Antequera and Bird (1988) postulated that CpG islands have arisen independently in 
plants and vertebrates because they do not share a common ancestor that has CpG 
islands. Like the situation in vertebrates, there is under-representation of CpG 
sequences (though to a lesser extent) and a corresponding over-representation of TpG 
and CpA sequences in the DNA of higher plants (Gardiner-Garden et al., 1992). This 
is consistent with the proposed mutagenicity of 5-mC. No evidence was found for 
CpNpG depletion however, and it has been proposed that a mechanism to correct for 
deamination of 5-mC evolved prior to the occurrence of méthylation in the CpNpG 
trinucleotide (McClelland, 1983). Belanger and Hepburn (1990) suggested that this 
was unlikely since their phylogenetic studies with regard to méthylation patterns 
indicated that CpNpG méthylation is at least as old as CpG méthylation in vascular 
plants. It is now thought that plants must have a much more efficient mismatch repair 
system, particularly with regard to the CpNpG methylating system (Belanger and 
Hepburn, 1990; Gardiner-Garden eta l., 1992). The alternative hypothesis is that cell 
lineages that contribute to germ cells in plants may have lower levels of 5-mC 
(Gardiner-Garden et a i ,  1992).
1 . 9 . 1  DNA méthylation and transcriptional regulation in plants
Direct evidence for the inhibitory effect of cytosine méthylation on transcription in 
plants comes from experiments which follow the transient expression of an in vitro 
hemimethylated construct, consisting of the cauliflower mosaic virus 35S promoter 
linked to a reporter gene, upon transfection into protoplasts of either tobacco or
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petunia (Hershkovitz et al., 1989; Hershkovitz et al., 1990; W eber and Graessman 
1989). These experiments indicate that to inhibit gene expression the level of 
méthylation must exceed a certain threshold and/or cover specific sites. However, 
méthylation was not restricted to the promoter so the effect of méthylation of critical 
sites within the promoter could not be studied. The work o f Hershkovitz et al. (1990) 
indicated that CpG hemimethylation alone was sufficient to suppress transcription, 
suggesting that CpNpG méthylation could have an unrelated function, but this might 
not reflect the true situation in vivo. The méthylation status of the integrated construct 
in stably transformed tobacco callus was examined; the in vitro hemimethylated 
construct was shown to retain méthylation only at CpG and CpNpG sites and in 
general, hypermethylation of the construct was associated with its transcriptional 
repression. This effect could be reversed by treatment with 5-azacytidine (Weber et 
al., 1990).
A number of plant proteins with differential binding affinities for methylated 
and unmethylated DNA have been identified. Most of the proteins identified so far 
bind DNA in a sequence-specific manner, and are probably methylation-sensitive 
transcription factors. For example, CG-1 is a DNA binding factor found in tobacco 
nuclear extracts which binds a sequence containing a CACGTG motif in the promoter 
of Antirrhinum  chalcone synthase. Binding was inhibited by in vitro méthylation of 
the target sequence (Staiger et al., 1989). Other sequence-specific factors have been 
identified in nuclear extracts of pea, wheat, cauliflower and soybean which bind to 
the CRE consensus (see section 1.7.1), which is also found in the promoters of 
several plant genes. Binding of the factors was inhibited by the méthylation o f a 
single cytosine in the element (Inamdar et al., 1991). The cDNA of one such protein 
(VBP-1) was cloned from a broad bean expression library using the CRE consensus 
as a probe (Ehrlich et al., 1992). A sequence unspecific methyl-binding protein, 
DBP-m has also been identified by gel-shift assays on pea nuclear extracts. This 
protein binds to as little as one methyl cytosine, (Zhang et al., 1989), has an apparent 
molecular weight of 50 kDa (Ehrlich, 1993) and may be analogous to mammalian
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M eCP“2. As yet the effect of DBP-m binding on transcription has not been tested. 
However, DBP-m is not distinguishable from possible pea DNA MTases or their 
proteolytic breakdown products using this method.
1 . 9 . 1 . 1  DNA m éthylation o f genes regulated in a tissue specific 
or inducible manner
A number of plant genes whose expression conelates with their extent of méthylation 
have been identified including seed storage protein genes of maize, barley and bean 
(Bianchi and V iotta, 1988; Sorensen, 1992; Riggs and Chrispeels, 1990), 
photosynthetic genes in the bundle sheath and mesophyll cells of the C4 plant, maize 
(Ngernprasirtsiri et al., 1989; Langdale et al., 1991), ripening specific genes of 
tomato (Hadfield, et al., 1993) and rRNA genes in pea (Watson et al., 1987). 
Moreover, for the M l zein gene family, evidence was found for this hypomethylation 
to be independent of transcription factor binding (Bianchi and Viotta, 1988). Riggs 
and Chrispeels (1990) have demonstrated using restriction digestion that in the 
cotyledons of Phaseolus vulgaris, the expression of seed storage proteins encoded by 
the lec 1 and lec 2 is correlated with tissue specific déméthylation of sites upstream of 
lec 1, though no cotyledon specific nuclear proteins bind to these sites (Riggs et al., 
1989). D ém éthylation of a single P v u l l  site 3.3 kb upstream  of the 
phosphoenolpyruvate carboxylase (PEPCase) gene was found to correlate with 
induction of its transcription in mesophyll cells during greening. The cytosine 
involved is within a CpTpG trinucleotide, suggesting a role for CpNpG méthylation 
in transcriptional regulation, though as yet there is no known function for this site 
(Langdale et al., 1991). Sorensen (1992) analysed in detail (by genomic sequencing) 
the promoters of B-hordein genes. They identified 7 CpG sites which were 
unmethylated in endosperm where the genes are transcribed, but methylated in leaf 
tissue. No méthylation was observed at CpNpG sites within the promoter in either 
endosperm or leaf, so the role of CpNpG méthylation in transcriptional inhibition
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remains controversial. No direct proof has been shown for active déméthylation to be 
taking place in any of these instances, and it is not known at present whether an 
active demethylating system exists in plants. As with vertebrates, a number of tissue 
specific or inducible genes have been found in plants which do not show a coirelation 
between méthylation and gene expression.
Plants differ from animals in that they can respond developmentally to a wide 
range of environmental stimuli. One such response in which méthylation is implicated 
is the promotion of early flowering by cold (vernalisation) in Arabidopsis which can 
be mimicked by treatment of imbibed seeds with 5-azacytidine. Both cold treated and 
5-azacytidine treated plants show decreased levels of méthylation. A candidate gene 
for the control of early flowering which shows a decrease in méthylation upon cold 
ti'eatment is kaurenoic hydroxylase which is involved in giberellic acid biosynthesis 
(Bum et al., 1993).
To investigate the importance of DNA méthylation in plant development, 
Arabidopsis hypomethylation mutants were isolated, identifying the locus D D M l to 
be important in cytosine méthylation (Vongs eta l., 1993). These mutants had a 70% 
reduction in 5-mC levels yet showed no gross developmental abnormalities, unlike 
those observed in mutant mouse embryos (see section 1.5.2). This could be 
explained by the fact that plants are much more developmentally plastic than 
vertebrates, with cell differentiation continuing throughout the life of the plant and 
terminal differentiation being rare (reviewed by Goldberg et al., 1989). However, 
more detailed analysis of the mutants did reveal altered leaf morphology and delayed 
flowering; perhaps a greater reduction in 5-mC would lead to a more severe 
phenotype. Nuclear extracts of the mutants showed the same methyltransferase 
activity as those of wild type plants, and the levels of AdoMet were the same. It was 
therefore suggested that the hypomethylation phenotype stems from alteration of the 
regulation of MTase, the mechanism of which may be investigated once the D D M l 
gene has been cloned (Kakutani et al., 1995).
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1 . 9 . 1 . 2  M éthylation and inactivation of transposons and foreign  
transgenes
There is a correlation between loss of activity (i.e. ability to transpose) and 
méthylation in all the transposable elements that have been studied in detail. For 
example, inactivation of the autonomous transposable element Activator (Ac) of 
maize is correlated with méthylation of cytosines within several HpaU  sites.at the 5 ' 
end of the transposase gene. Moreover, the méthylation is specific to the element and 
does not extend into flanking plant DNA (Schwartz and Dennis, 1986). The 
mechanism of this selectivity is unclear as yet, and may be a consequence of high 
elem ent copy number, or the disruption of chrom atin structure caused by 
transposition. It is possible that plants have evolved a mechanism for silencing 
transposable elements to maintain genome stability.
The variability observed in the expression of transgenes between independent 
transformants has been ascribed to transgene copy number and positional effects, but 
these factors alone are not sufficient to explain transgene silencing. The site of 
integration has been shown to be important in transgene silencing in some cases; 
integration of the maize A l gene into a highly repetitive (heterochromatic) site in 
Petunia hybrida resulted in hypermethylation and complete silencing of the transgene, 
whereas integration into a hypomethylated (euchromatic) region resulted in high 
expression of the transgene (Prols and Meyer, 1992). A number of other studies have 
show n a correlation between m éthylation o f transgenes in troduced via 
Ag robacterium tumifaciens T-DNA and their transcriptional repression (Peerebolte et 
al., 1986; John and Amasino, 1989, Klaas et al., 1989; Hobbs et al., 1990). In most 
of these cases, multiple copies of the T-DNA were integrated. Treatment with 5- 
azacytidine was shown to reactivate silenced transgenes. Linn et al. (1990) 
introduced the maize A l gene under the control of the CaMV 35S promoter into the 
white flowering mutant Petunia hybrida. The plants produced had a range of flower 
colours from white through variegated to brick red. The majority of the white
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flowered plants had multiple copies of the transgene whereas plants with brick red 
flowers usually had one intact copy. Two HpaU  sites within the 35S  promoter were 
found to be methylated in the white flowered plants indicating that méthylation was 
responsible for transgene silencing. The work of Matzke et al. (1989) and Matzke 
and Matzke (1990;1991) showed suppression of genes encoded by an integrated T- 
DNA in transgenic tobacco, when a second T-DNA carrying different selectable 
m arkers was also integrated. This suppression was dependent on prom oter 
méthylation, and could be a consequence of sequence homology o f the T-DNA and 
promoter regions of the two different transgenes. Because only 15% of the double 
transformants exhibited this phenomenon, the proximity of the transgenes to each 
other was thought to be an important factor. In addition, the integration of transgenes 
is sometimes associated with the inactivation of the endogenous gene (a phenomenon 
called C O -suppression) (Napoli et al., 1990; van der Krol et al., 1990).
In conclusion, plants can recognise and inactivate introduced DNA and 
perhaps the mechanisms evolved to protect plant genomes from the effects of multiple 
insertions of transposable elements or T-DNA, also inactivate artificially introduced 
transgenes. The possibility that méthylation of transgenes and integrated viral DNA in 
animals represents an ’immune' response to foreign DNA has been discussed 
(Bestor, 1990; Doerfler, 1991). However, it has been suggested that this is an 
unlikely explanation for all the results with plant transgenes, because inactivation can 
depend on the site o f integration, and sometimes requires the insertion of an 
additional transgene copy (Matzke et al., 1994).
Several models have been proposed to explain the silencing of homologous 
genes in plants. Matzke et al., (1994) have suggested a pairing mechanism in which 
the inactive (hypermethylated) state o f one transgene is imposed onto its active 
(hypom ethylated) partner. This m echanism  may also be responsible for the 
inactivation of endogenous allelic A l genes in petunia, a phenomenon known as 
paramutation (Meyer et al., 1993). An analogy has been drawn between the silencing 
of transgenes and homologous gene silencing in pre-meiotic Neurospora crassa (a
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m ulticellular fungus) described by Selker et al. (1987). This process, known as 
repeat-induced point mutation (RIP), involves the detection of duplicated segments, 
perhaps through a pairing mechanism, which are then riddled with C to T point 
mutations (possibly by active deamination of methylated cytosines). The segments 
become extensively methylated and are rendered permanently inactive. Both closely 
linked and unlinked copies can be 'ripped', but the latter are ripped less frequently. 
Ripping could represent a mechanism to select against gene duplications in N. crassa. 
(Selker, 1990; see section 1.3). Another feature of genes silenced by ripping is that 
they are densely methylated, in both symmetrical and non-symmetrical sequences 
(Selker et al., 1993). M éthylation in non-symmetrical sequences has also been 
reported in transgenic Petunia hybrida, as mentioned in section 1.5.1. However, 
silencing of transgenes in plants is not associated with the introduction of point 
mutations, and may be more analogous to the silencing via méthylation alone of 
homologous genes in another fungus, Ascobolus immersus (a phenomenon known 
as méthylation induced pre-m eiotically (MIP)), or the 'quelling' phenomenon 
(Romano and Macino, 1992) of N. crassa. Quelling involves the reversible silencing 
of an endogenous gene which occurs in mitotic cells after introduction of a 
homologous transgene, a process that does not involve transcription of the transgene. 
However, it may be the imposition of the chromatin structure itself that is responsible 
for both ectopic and allelic silencing, which would be analogous to dominant 
position-effect variagation m  Drosophila (Henikoff and Dreesen, 1989).
Another model that has been suggested to be responsible for transgene 
inactivation and co-suppression is RNA-directed méthylation. It has been shown that 
méthylation of integrated viroid cDNA in transgenic tobacco occurs only after 
autonomous viroid RNA-RNA replication has taken place in these plants. Moreover, 
the méthylation is restricted to viroid sequences only, which suggests that specific 
interaction between the transcripts and the integrated cDNA is able to direct 
méthylation of the cDNA (W asseneger et al., 1994). A similar model has been 
suggested to account for X-chromosome inactivation by the XIST  RNA in mammals
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(see section 1.8). Thus, the ability to recognise and m ethyltate unusual DNA 
structures may be a general feature of eukaryotic MTases.
1 . 1 0  Sum m ary
Despite many years of research, the role of DNA méthylation in higher eukaryotes is 
not fully understood. In general DNA méthylation is correlated with gene silencing in 
both vertebrates and higher plants, though it remains to be established whether 
méthylation initiates the inactivation of genes or whether it is a secondary event which 
acts to maintain transcriptional inactivation. The discovery that normal levels of 
m ethyltransferase and the methylated binding protein, M eCP-2 are crucial for 
mammalian development, at least points at a general mechanism whereby méthylation 
inhibits transcription, though there may be specific instances where the binding of 
transcription factors is affected directly.
Only one methyltransferase activity, specific for CpG sequences has been 
identified in mammals, and both the mouse and the human MTase cDNAs have been 
cloned. Both of these clones share sequence homology in their C-terminal domains 
with the prokaryotic type II cytosine-C5 MTases. Plants on the other hand, methylate 
cytosines in both CpG and CpNpG sequences, and evidence has been found to 
suggest that two different enzymes are responsible for the different specificities.
1 . 1 1  Project aims
Our laboratory has been working for several years on methylase from Pisum sativum  
(pea) (Yesufu et al., 1991; Houlston et a l ,  1993; Pradhan and Adams, 1995). This 
organism is a good model system for the study of the enzymology o f DNA 
méthylation in higher plants, as high activities of methylase can be extracted. This is 
in contrast to Arabidopsis, where levels of méthylation are low (~4%), and from 
which very low levels of methylase activity have been extracted (Kakutani et a l .
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1995). Indeed, purification of methylase from Arabidopsis has never been attempted. I
At the beginning of this project, no plant methyltransferases had yet been cloned, and 
it was not known whether two seperate enzymes were responsible for CpG and 
CpNpG méthylation in plants. The aim of this project was to clone a MTase cDNA 
from pea and to investigate whether two different MTase mRNAs exist, which could 
possibly code for enzymes with different target specificities. The data obtained could 
then be related to the enzymological work to give a meaningful picture of DNA 
méthylation in higher plants.
Chapter 2 Materials and Methods
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2.1 Materials
2 . 1 . 1  List of suppliers
Unless otherwise stated, all chem icals were Analar grade, supplied by BDH 
Chem icals, Poole, D orset, or Fisons Scientific, Loughborough, Leics. All 
radiochemicals were purchased from Amersham International pic. Growth media 
were supplied by Difco Laboratories, Detroit, USA. Pea seeds (var, Feltham First) 
were obtained from Brooker Seeds Ltd, Sleaford, Lincs. W here chemicals, kits or 
equipment were obtained from other sources, this is indicated in the text. A list of 
suppliers of special reagents is given below:
Aldrich Chemicals Co., Gillingham, Dorset 
Amersham International pic., Amersham, Bucks.
Boehringer Corporation (London) Ltd., Lewes, E. Sussex 
Fuji Photofilm Co., Japan
Gibco/BRL (Bethesda Reseai’ch Laboratories) Ltd., Paisley
IBI Ltd., Cambridge
Kodak Ltd., Kirby, Liverpool
Pharmacia Ltd., Milton Keynes
Promega Ltd., Southampton
Sigma chemicals Co., Poole, Dorset
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2 . 1 . 2  Bacterial growth and selection media stocks
All media and solutions used for the growth of microorganisms were sterilised by 
autoclaving for 20 minutes at 15 psi, or if heat labile, were filter sterilised.
LB medium (per litre) 
(adjusted to pH 7.0 with 5 N 
NaOH)
10 g bacto-tryptone 
5 g bacto-yeast extract 
10 g NaCl
LB plates (per litre) 1 litre LB 
15 g bacto-agar
LB top agar/agarose 1 litre LB 
7 g agar/agarose
2 X YT medium (per litre) 
(adjusted to pH 7.0 with 5 N 
NaOH)
: 16 g bacto-tryptone 
10 g bacto-yeast extract 
5 g NaCl
SOB medium (per litre)
(adjusted to pH 7.0 with 5 N 
NaOH)
Add just before use: 
ampicillin stock
(filter sterilised and stored frozen) 
tetracycline stock 
(stored at -20°C)
20 g bacto-tryptone 
5 g bacto-yeast extract 
5 g NaCl
10 ml KCl solution (250 mM)
5 ml sterile MgCl2 solution (2 M) 
50 mg/ml in sterile water
5 mg/ml in ethanol
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kanamycin stock : 10 mg/ml in sterile water
(filter sterilised and stored frozen)
IPTG stock : 20% (w/v) in sterile water
(filter sterilised and stored frozen)
X-Gal
(stored at -20° C)
: 20 % (w/v) in dimethylformamide
.1 .3 B u ffers
PBS mix : 8:1:1 mix of solutions A, B and C (each was 
sterilised by autoclaving)
Solution A
Solution B 
Solution C
: 170 mM NaCl 
0.5 mM KCl 
10 mM Na2HP04  
2 mM KH2PO4 
: 7 mM CaCl2.2H2 0  
: 5 mM MgCl2.6H20
10 X TBE (pH 8.3) : 0.89 M Tris 
0.89 M boric acid 
0.025 M EDTA
50 X TAE (pH 8.0) : 2 M Tris 
1 M acetic acid 
50m M EDTA
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20 X SSC 3 M NaCl
0.3 M tri-sodium citrate 
Adjusted to pH 7.0 with HCl
20 X SSPE 3.6 M NaCl
0.2 M sodium phosphate, pH 7.5 
0.02 M ED TA
100 x Denhardt's solution 
(filter sterilised and 
stored frozen)
2% (w/v) Ficoll (type 100, Pharmacia) 
2% (w/v) polyvinylpyrrolidone (PVP) 
2% (w/v) BSA (fraction V, Sigma)
TE
(sterilise by autoclaving)
10 mM Tris-HCl 
Im M ED TA
Adjusted to pH 8.0 with HCl
Kirby reagent 6% (w/v) 4-amino-salicyclic acid 
10 mM Tris-HCl pH 7.6 
50 mM KCl
1% (w/v) TNS (Tri-isopropyl napthalene 
sulphonic acid (sodium salt)
10 X MOPS buffer (pH 7.0) 
(made in DEPC-treated water)
0.2 M 3-[N-Morpholino]-propane sulphonic 
acid
0.05 M sodium acetate 
0.01 M EDTA
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Solution I (for plasmid preps) 
(filter sterilise)
50 mM glucose 
2 niM Tris-HCl, pH 8.0 
10 mM EDTA
Solution II 0.2 M NaOH 
1% SDS
Solution III
(make in sterile distilled water)
60 ml 5 M potassium acetate
11.5 ml acetic acid
28.5 ml water
2 . 1 . 4 Bacterial strains and storage
Bacterial strains were stored in the short term (for up to one month) at 4°C on tightly 
sealed agar plates. Longer term storage was in 50% (v/v) glycerol at -7 0 “C.The 
following strains were used in this study.
a) Strain used as host to plasmid pBluescript II and for helper phage mediated single 
stranded rescue: E. coli XL 1-Blue.
Phenotype: r^”  lacZAM15 Rec”
Genotype: supE44 h sd R ll recAl endAl gyrAA6 thi relAl lac~
¥'\proAB'^ lacM lacZ/AM15 TnlO{tefy\ (Bullock etal., 1987)
h) Strain used as host for bacteriophage kgtl 1 : E. coli Y109QhsdR 
Phenotype: rk“Lac“  Lon~
Genotype: hsdR supF ALacUl69 ALon araD \39 rpsL 
rrpC22::Tn70(retO pMC9 (Young and Davis, 1983; Jendrisak et al., 1987)
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2 . 1 . 5  DNA vectors, recom binants and oligonucleotides
used in this study
DNA vectors, recombinants and oligonucleotides were stored in TE (see section
2.1.3) a t - 2 0 “C.
2 . 1 . 5 . 1  k g t l l  pea cDNA library " 5 -stretch" (Clontech)
mRNA source : Pisum  sativum  var. Alaska, pea buds of etiolated 5 day old 
seedlings.
Random hexamers and oligo dT were used to prime first strand cDNA synthesis in 
the construction of this library.
Titi'e of library : 3 x 10^ ® pfu/ml at time of purchase.
No. of independent clones : 1.8 x 10^.
Average insert size: 1.7 kb (range: 0.8 to 4.0 kb), as estim ated by PCR using 
Clontech gtl 1 primers.
k g t l l  is a vector commonly used for immunological screening. DNA fragments (up 
to 7.2 kb) are cloned into the unique Eco RI site located in lacZ, allowing expression 
of a fusion protein if the cloned sequence is in frame with lacZ. A sup F  host is used 
for propagation and screening. In a non suppressing host, the SamlOO mutation 
prevents cell lysis and accumulation of the desired fusion protein. The bacteriophage 
carries red and gam  and can thus be grown in a recA~hosL The temperature sensitive 
repressor allows control of bacteriophage replication and production of fusion 
proteins. Therefore, k g t l l  libraries can also be screened with DNA probes. A 
restriction map of k g tl l  is shown in figure 2 .2 .1.
Figure 2.1.1 Map of k g t l l
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Notes; The direction of transcription of the lacZ  gene is indicated by the arrow. Also 
shown are the temperature-sensitive cl repressor, cl857, and the S am ber mutation. 
SI 00.
2 . 1 . S . 2 pB lu esc rip t II  KS + /-  (S tra tagene)
This vector is used for subcloning k g t l l  inserts of interest and PCR products 
obtained during this study. The F" origin allows single stranded rescue by helper 
phage. See figure 2.2.2.
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Figure 2.1.2 Map of pBluescript II KS +/-
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2 . 1 . 5 . 3  Synthetic o ligonucleotides
Synthetic oligonucleotides (for use as primers in the polymerase chain reaction) were :
made in the Departm ent of Biochem istry by Dr. V. M ath, using an Applied
Biosystems 381A DNA synthesizer for the phosphite-triester method (Atkinson and 
Smith, 1984).
O ligonucleotides for use as sequencing prim ers w ere obtained from  :
Pharmacia. !
iI
2 .2  Methods '
!
2 . 2 . 1  G rowth o f pea seedlings
Pea seeds {Pisum sativum  var. Feltham First) were swollen in water for 4 -6  h and 
then seeded into a tray (21 cm x 33 cm) under compost. The seedlings were grown at 
26°C under continuous white light illumination (which was provided by a fluorescent t
light situated approximately 30 cm above the tray), and kept moist by watering.
Unless otherwise stated, the portion selected for RNA and genomic DNA isolation 
and MTase partial purification was the apical shoot tips from 4-5  day old seedlings.
The collected material was stored at -70°C.
2 . 2 . 2  A ntibody work
2 . 2 . 2 . 1  SDS-PAGE of partially purified pea m ethylase
Partially purified pea methylase fractions were a kind gift from Claire Houlston (for 
enzyme preparation protocols see Houlston et al., 1993). SDS polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed according to the method of Laemmli 
(1970). An 8.75% resolving gel was prepared using 10 ml resolving gel buffer (1.5 
M Tris-HCl (pH 8.8), 0.4% SDS), 11.7 ml 30% acrylamide stock (30% acrylamide,
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0.8% NN''-methylenebisacrylamide), 18 ml distilled water, 200 |il 10% ammonium 
persulphate and 50 pi TE MED which was added last. The solution was mixed and 
poured into a pair of clamped gel plates. A thin layer o f 1% SDS was applied to the 
gel to allow it to set. A 6% stacking gel was prepared using 2.5 ml stacking gel 
buffer (0.5 M Tris-HCl (pH 6 .8), 0.4% SDS), 2.0 ml 30% acrylamide stock, 5.5 ml 
distilled water, 150 p i ammonium persulphate and 5 pi TEMED which again was 
added last. The layer of SDS was removed and the stacking gel mixed and poured on 
top of the resolving gel. The well forming comb was inserted immediately and 
removed as soon as the gel had polymerised. Samples were incubated with 0.5 
volumes SDS-PAGE sample buffer (0.1875 M Tris-HCl (pH 6 .8), 30% glycerol, 
6 % SDS, 15% mercaptoethanol and 0.1% bromophenol blue) for 5 minutes in a 
boiling water bath and subject to electrophoresis at 30-40  mA (< 200 V). The 
electrode buffer was Tris/glycine buffer (25 mM Tris, 191 mM glycine; pH 8.3) and 
protein molecular weight standards were used (myosin 200 kDa, phosphorylase B
97.4 kDa, bovine serum albumin 69 kDa, ovalbumin 46 kDa, carbonic anhydrase 30 
kDa, trypsin inhibitor 21.5 kDa and lysozyme 14.3 kDa), After electrophoresis the 
gel was western blotted or washed in 50% methanol prior to silver staining.
2 . 2 . 2 . 2  Silver staining of protein gels
The gel was fixed in 50% methanol overnight before treatment with solution C. This 
solution consisted o f solution A (0.8 g of AgNOs in 4 ml distilled water) added 
dropwise, whilst vigorously stirring to solution B (21 ml of 0.36% NaOH with 1.4 
ml 14.8 M NH4OH) until the saturation point was reached. Solution C was made up 
to 100 ml with distilled water and used immediately to wash the gel for 10-15 
minutes with gentle agitation at room temperature. The gel was then washed for 1-2 
hours in distilled water, again with gentle agitation. The gel was then washed with 
solution D (2.5 ml of 1% citric acid and 0.25 ml of 38% formaldehyde), made up to 
500 ml with distilled water and used immediately. The bands developed within 10-
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15 minutes and development was stopped by washing in distilled water and then in 
50% methanol. The gel was photographed using a Polaroid C-U5 camera or imager.
2 . 2 . 2 . 3  Transfer of proteins to nitrocellulose: western blotting
2 . 2 . 2 . 4  Enhanced chem ilum inescence (ECL)
58
A sheet of nitrocellulose impregnated nylon membrane (Hybond extra), cut to the
■■
same size as the gel, was soaked in transfer buffer (25 mM Tris-HCl (pH 7.2), 0.19 
M glycine, 0.02% SDS, 20% methanol) and placed on top of the gel which had been
placed on a sheet of W hatman 3MM paper pre-soaked in transfer buffer. Care was 
taken to ensure there were no bubbles between the gel and the membrane. A second
sheet of pre-soaked W hatman 3MM paper was placed on top of the membrane and 
everything was sandwiched between two sponge pads soaked in transfer buffer and 
placed in a perspex cassette. The cassette was placed in a BioRad transblot tank filled 
with transfer buffer so that the nitrocellulose sheet was facing the cathode. The Ï:
electrophoretic blotting was carried out at 40-60 mA overnight. ■i.
%.
Enhanced chem ilum inescence was carried out according to the manufacturer's 
protocol. The electrophoretic blot was washed in blotting buffer (20 mM Tris-HCl 
(pH 7.2), 0.15 M NaCl), supplemented with 3% non-fat dried milk and 0.5 mg/ml 
NaNg for 1 hour with continuous shaking at room temperature to block non-specific 
binding to the membrane. The membrane was rinsed five times for 5 minutes with 
blotting buffer containing 0.1% TWEEN 20. The blot was then incubated for 1 hour 
with blotting buffer supplemented with 0.5 mg/ml NaNg, 5% (v/v) heat inactivated 
normal goat serum plus the appropriate dilution of the primary antibody (usually 
1/100). The blot was washed five times as before, then incubated in blotting buffer 
containing 0.1% TWEEN 20 and 0.1% of the secondary antibody (anti-rabbit Ig 
linked to horseradish peroxidase). The membrane was again washed five times as
before and blotted dry on W hatman 3MM paper. The chemiluminescence was 
detected after the addition of 10 ml of a 50:50 mixture of solutions A+B supplied by 
Amersham. The membrane was left for exactly one minute in this mixture, then 
wrapped in cling film and exposed to hyperfilm-ECL (Amersham) for 10 seconds 
and the film developed. The exposure time could be varied as required.
2 . 2 . 3  E x trac tio n  and  p rec ip ita tio n  of DNA
2 . 2 . 3 . 1  P h en o l/ch lo ro fo rm  e x tra c tio n
Phenol/chloroform  stock was made by mixing equal amounts of phenol and 
chloroform then equilibrating the mixture by extracting several times with TE until 
the pH was 8.0. 8-Hydroxyquinoline was added to 0.1% as an antioxidant and to 
assist in distinguishing the phenol/chloroform from the aqueous phase in extractions. 
The equilibrated mixture was stored under TE at 4 “C in the dark. Extraction with 
phenol/chloroform was performed as follows: an approximately equal volume of 
phenol/chloroform was added to the DNA solution to be extracted, mixed and 
centrifuged for 10 minutes; the upper aqueous layer was transferred to a fresh tube 
and the extraction repeated as necessary.
2 . 2 . 3 .2  E thano l an d  isopropano l p rec ip ita tion
Ethanol used was of the absolute alcohol 100 grade and was stored at -20°C. A salt 
solution was added to the DNA solution to the appropriate concentration (0.1 volume 
of 5 M ammonium acetate or 0.1 M volume of 3 M sodium acetate) and mixed with 
2-3 volumes of cold ethanol. The samples were placed at -20°C for 20 minutes then 
centrifuged for 15 min at 12,000 rpm in a microfuge at 4 “C. The precipitated DNA 
was washed with 70% ethanol at -20°C  and dried at room temperature under 
vacuum. DNA was usually stored at -20°C in TE. When the DNA sample was such
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2 . 2 . 3 . 3  Estim ation of nucleic acid concentration
that the addition of 2-3  volumes ethanol was impractical, precipitation was carried |
out by the addition of an equal volume of isopropanol to the DNA + salt solution. j
Spectrophotometric estimation o f nucleic acid concentration was carried out as v
follows: A thousand-fold dilution of the purified nucleic acid solution was made in a I
volume of 1 ml. The absorbance at 260 nm and 280 nm was measured using a 
spectrophotometer (Cecil instruments, model CE 2020). One OD^go unit corresponds 
to approximately 50 pg/nol double-stranded DNA, 40 pg/ml for single stranded DNA 
and RNA, and ~25jig/ml for single stranded oligonucleotides. The OD^go/OD^go
jîratio provides an estimate of the purity of the nucleic acid. Pure solutions o f DNA 
and RNA have CD ratios of 1.8 and 2.0 respectively.
In cases where the concentration o f DNA was too low to be estimated 
spectrophotometrically, the DNA solution was compared against a series of DNA 
concentration standards which were made by serial dilution of X DNA (Gibco BRL).
Aliquots (1 pi) of each standard (plus 1 p i of the unknown) were pipetted onto the 
surface of a 1.5% agarose gel containing 0.5 pg/m l ethidium bromide which had 
been poured into a 90 mm petri dish. The degree of fluorescence under u.v. light of 
the unknown was compared to that of the standards in order to estimate the DNA 
concentration of the unknown.
2 . 2 . 4  DNA digestion with restriction endonucleases
Restriction digests were routinely carried out in 1.5 ml Eppendorf tubes in the 
presence of the appropriate buffer. One unit of restriction enzyme activity is defined 
as the amount of enzyme required to digest 1 pg of A, DNA to completion in one hour 
at the correct incubation temperature and appropriate buffer. In practice a several-fold 
excess was usually added to digest the DNA. A typical reaction mixture contained 1
60
pg o f DNA, the coiTCCt enzyme buffer (usually supplied by the manufacturer) and 5 
units of the restriction enzyme in a final volume of 10 pi. The mixture was incubated ;
for at least 1 hour at the temperature recommended by the manufacturer, which was 
usually 37°C. The completion of the digest was monitored by electrophoresis of an
XIaliquot through an agarose gel. After digestion, restriction enzymes were heat 
inactivated (65 “C for 10 minutes) or removed by phenol/chloroform extraction if 
appropriate. Digests of genomic DNA were incubated overnight, using 8 units of 
restiiction enzyme per pg of DNA. For multiple restriction digests, the digestion 
which required the lowest ionic strength was carried out first, then the ionic 
conditions were adjusted, the second enzyme added and the incubation continued. !
2 . 2 , 5  DNA electrophoresis in agarose gels
Agarose gels were routinely used to separate DNA fragments in the size range 0 .1 - 
20 kb. They were prepared by dissolving agarose (BRL ultra PURE) in 1 x TAE or 1 
X TBE buffer (section 2.1.3) to the desired concentration (0.7-2% ). Ethidium 
bromide was added to 0.5 pg/m l and the gel poured into a horizontal mould (BRL 
model H5 or model 200). Wells with a suitable capacity were formed by insertion of 
a comb into the gelling agarose. After submerging the gel in 1 x TAE containing 0.5 
pg/m l ethidium bromide, one tenth-volume loading buffer (30% Ficoll type 400 
(Pharmacia), 0.50% bromophenol blue) was added to the DNA samples and the 
mixture loaded into the wells (genomic digests were heated to 65“C for 5 min than 
quenched on ice before loading). Electrophoresis was carried out at 1-5 V/cm 
(measured as the distance between electrodes) until the bromophenol blue had 
migrated the appropriate distance along the gel. The gel was then rinsed in distilled 
water. DNA fragments were visualised by the use of a long wavelength u.v. 
transilluminator (U.V. Products Inc.) and photographed with a U.V.P. imager. The 
distance m oved by a DNA fragm ent during gel electrophoresis is directly 
proportional to the log of its molecular weight or size in base pairs. The size of
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unknown fragments could therefore be determined by comparison with DNA marker 
fragments of known size which were electrophoresed on the same gel,
2 . 2 . 6  R ecovery  o f DNA fro m  low m elting  po in t agarose
Low melting point agarose (BRL ultra PURE) gels were prepared and used in the 
same way as standard agarose gels (using 1 x TAE as the buffer), except that they 
were run in the cold room (at 4°C). The gel was placed over a u.v. transilluminator 
and the desired band was excised from the gel with scalpel and transferred to an 
Eppendorf tube. Three volumes of TE buffer were added to the agarose slice and the 
sample was placed in a waterbath for 8 minutes to melt the agarose. The sample was 
extracted twice with phenol saturated with TE buffer (pH 8), and three times with 
ether saturated with distilled water to remove the agarose. The DNA was then ethanol 
precipitated.
A quicker, more efficient method for isolating DNA from agarose in the base 
pair range 300 to 15 kb is to use the Geneclean II kit. The DNA band containing up 
to 5 pg DNA was excised from low melting point agarose as above. Three volumes 
of Nal (6 M) were added and the tube was incubated at 50°C to dissolve the agarose.
Glassmilk suspension (5 pi) was added and the mixture was incubated on ice for 5
minutes to allow binding of the DNA to the silica matrix, whilst mixing every 1-2 X
;
minutes. The silica matrix with the bound DNA was pelleted by centrifugation in a 
microfuge for 5 seconds. The supernatant was removed by aspiration and the pellet 
was resuspended in ice cold New Wash (200 pi). The matrix was again pelleted by 
centrifugation for 5 seconds and the supernatant removed. This washing step was 
repeated twice. The DNA was eluted by resuspending the matrix in 10-20 pi TE 
buffer, pelleting the matrix and recovering the TE buffer containing the DNA.
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2 . 2 . 7  Subclon ing  DNA frag m e n ts  into p B iu esc rip t
Insert DNA fragments and pBiuescript vector DNA were digested with the 
appropriate enzyme(s) and the extent o f digestion was checked by electrophoresis. 
The DNA was then phenol/chloroform extracted and ethanol precipitated. Insert 
DNAs were usually purified from low melting point agarose as described in section 
2 .2 .6 .
In cases where only one enzyme was used to cut the vector, religation of the 
vector to itself was prevented by treating the cut vector with alkaline phosphatase to 
remove 5 ' phosphates: the reaction mix (50 pi), containing 5 pg digested vector 
DNA, 1 unit of calf intestinal alkaline phosphatase (Northumbria Biologicals), 10 
mM Tris-HCl (pH 8.3), 1 mM ZnCli, 1 mM MgCl^ was incubated at 37°C for 30 
minutes. At the end of the incubation, the mixture was heated to 75° C for 10 minutes 
in the presence of 5 mM EDTA. The reaction was cooled to room temperature, 
phenol/chloroform extracted and ethanol precipitated. The DNA was resuspended in 
sterile distilled water at a concentration of 100 ng/pl.
Typical ligation conditions used contained: vector DNA (50 ng), an equimolar 
quantity o f insert DNA (if possible), 20 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 5 
mM DTT, 0.5 mM ATP and 1 Weiss unit of T4 DNA ligase in a final volume of 10 
pi. The ligation mixture was incubated at 15°C overnight. A greater concentration of 
ligase (5 Weiss units in a volume of 10 pi) was used to ligate DNA molecules with 
blunt ends.
2 . 2 . 8  T ran sfo rm a tio n  o f b ac te ria l ceils w ith  p lasm id  DNA
Frozen com petent E.coli cells (strain X L l Blue, section 2.1.4), were prepared 
according to the method developed by Hanahan (1983): a single colony of X Ll Blue 
taken from a fresh LB plate was used to inoculate 100 ml SOB medium. The cells 
were grown with vigorous shaking at 37°C for 2 -3  hours until the GD^oo of the
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culture reached 0.3. The culture was cooled on ice and the cells harvested by 
centrifugation at 3000 rpm in a Beckman benchtop centrifuge (model CS 6R). The 
medium was decanted from the cell pellets and the tubes inverted to allow the last of 
the fluid to drain away. The cells were resuspended in 40 ml ice-cold FSB buffer 
(10 mM potassium acetate, pH 7.5, 45 mM MnCl2.4H 2 0 , 10 mM CaCl2.2H2 0 , 100 
mM  hexam m inecobalt chloride, 10% glycerol). The cells were recovered by 
centrifugation at 3000 rpm for 10 minutes at 4 “C and the fluid allowed to drain away.
The cells were re suspended by gentle vortexing in 8 ml ice-cold FSB. DMSO (280 
pi) was added to the bacterial suspension which was mixed gently by swirling and
the suspension was incubated on ice for 15 minutes. An additional 280 pi aliquot of 
DM SO was then added to the suspension and was m ixed by swirling and the 
suspension was returned to the ice-bath. W orking quickly, 200 pi aliquots o f the 
bacterial suspension were dispensed into chilled Eppendorf tubes which were then 
snap frozen by immersing them in liquid nitrogen. The tubes were then transferred to 
the -70°C freezer for storage.
Transformation of competent cells was carried out as follows: an Eppendorf 
tube containing frozen competent cells was thawed in the hand and placed on ice for 
10 minutes. A 5-10  pi aliquot of ligation mix containing 5-50  ng ligated DNA was 
added to the competent cells and the mixture was incubated for 30 minutes on ice.
The cells were heat shocked at 42°C for 1 minute then placed back on ice. A mixture 
containing 40 p i IPTG (2% w/v), 40 pi X-gal (2% w/v in dimethylfbrmamide) and 
40 pi sterile, distilled water was spread out onto an LB plate containing ampicillin 
(100 pg/m l) and tetracycline (7.5 pg/m l). After the liquid had absorbed, the 
transformed cells were spread onto the plate which was then inverted and incubated
- V
at 37°C overnight. Typical transformation efficiencies achieved by this method (as I
determined by transformation with 1 ng control supercoiled plasmid) are in the range iof 10^ transformants/pg. Colonies transformed with recombinant pBiuescript were 
colourless in the presence of IPTG and X-gal because they lacked a functional p-
Xgalactosidase. Colonies transformed with non-recombinant pBiuescript are blue in :
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the presence of IPTG and X-gal.
2 . 2 . 9  Preparation o f plasmid DNA
2 . 2 . 9 . 1  Small scale preparation of plasmid DNA
This alkaline lysis method is a modification of the method of Birnboim and Doly 
(1975). A 3 ml overnight culture was prepared from a single colony of transformed 
bacteria in LB supplemented with the appropriate antibiotic (100 pg/ml ampicillin for 
pBiuescript and recombinants derived from this vector). A 1.5 ml aliquot of the 
overnight culture was transfeiTed to an Eppendorf tube and the bacteria harvested by 
centrifugation for 20 seconds at 12,000 rpm  in a microfuge. The remainder of the 
culture was set aside for the preparation of a glycerol stock if necessary (see section
2.1.4). The bacterial pellet was resuspended in 100 p i ice cold solution I. Freshly 
prepared alkaline lysis solution (solution II) (200 pi) was then added and the tube 
inverted several times until cell lysis had occurred. Neutralising solution (solution X
III) (150 pi) was added and the tube vortexed and put on ice for 3-5  minutes; (see 
section 2.1.3 for the composition of solutions I, II and III). The tube was then 
centrifuged at 12,000 rpm for 5 minutes at 4°C. The supernatant was extracted with 
phenol/chloroform (section 2.2.3.1); then with chloroform. The aqueous layer was 
ethanol precipitated (section 2.2.3.2). The DNA pellet was resuspended in 10-50 pi 
TE containing 20 pg/ml DNase-free pancreatic RNase (Boehringer). DNA prepared 
using this method is suitable for general use but is unsuitable for sequencing.
2 . 2 . 9 . 2  Small scale preparation o f plasmid DNA using Promega 
M agic M iniprep columns
This system is a modification of the alkaline lysis miniprep method described in the 
previous section. The supernatant obtained after the neutralisation step was mixed
with 1 ml purification resin. The mixture was then applied onto a Promega Magic 
Miniprep column fitted to a vacuum manifold. The vacuum was applied to draw the 
liquid through the column, which was then washed with 2 ml column wash solution 
(100 mM NaCl, 10 mM Tris-HCl pH 7.5, 2.5 mM EDTA, 50% ethanol), whilst 
maintaining the vacuum. The column was then fitted in an open Eppendorf tube and 
dried by centrifuging for 20 seconds at 12,000 rpm in a microfuge. The plasmid 
DNA was eluted by applying 50 p i TE buffer to the column (fitted in a fresh 
Eppendorf tube) and centrifuging for 20 seconds at 12,000 rpm in a microfuge. 
Plasm id DNA prepared using this system is free o f salt and m acromolecular 
contaminants and was found to be suitable for double stranded sequencing using the 
Applied Biosystems automated sequencer (see section 2.2.21).
2 .2 .9 .3  L arg e  scale p re p a ra tio n  of p lasm id  DNA
This protocol is essentially a scale-up o f the alkaline lysis method described in 
section 2.2.9.1. A 200 ml overnight culture was prepared and the bacteria pelleted by 
centrifugation at 3000 rpm (Beckman GS-6R benchtop centrifuge) for 10 minutes at 
4°C. The bacteria were resuspended in 10 mi solution I. Freshly prepared solution II 
(10 ml) was added to the bacterial suspension and the mixture incubated on ice for 5 
minutes. Solution III (7.5 ml) was then added and the mixture was incubated on ice 
for 10 minutes; (see section 2.1.3 for the composition of solutions I, II and III). The 
cell debris was pelleted by centrifugation at 10,000 rpm in a JA 20 rotor at 4“C. The 
supernatant was then filtered through Whatman 3MM filter paper. Isopropanol (0.6 x 
volume) was added to the filtrate which was then incubated for 15 minutes at room 
temperature. The precipitated nucleic acids were recovered by centrifugation at 3000 
rpm in a Beckman benchtop centrifuge at 4°C. The pellet was resuspended in 2 ml 
TE buffer. LiCl (5.0 M in 50 mM Tris-HCl, pH 8.0 (2.0 ml) was added and the 
mixture was incubated for 10 minutes on ice to precipitate the RNA. The RNA was 
removed by centrifugation for 5 minutes at 3000 rpm  in a Beckman benchtop
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centrifuge at 4°C. The DNA in the supernatant was precipitated with 2 volumes of 
ethanol for 15 minutes on ice and was then pelleted by centrifugation for 15 minutes 
at 3000 rpm in a Beckman benchtop centrifuge at 4“C. The pellet was dissolved in 
500 |il TE buffer and the DNA solution was transferred to an Eppendorf tube. 
DNase-free RNase was added to a concentration o f 0.6 fig/pl and the DNA was 
incubated for 1 hour at 37°C. Two phenol/chloroform extractions were carried out
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(section 2.2.3.1), followed by one chloroform  extraction, and the DNA was 
precipitated with two volumes of ethanol. After recovery by centrifugation at 12,000 
rpm for 15 minutes at 4“C (in a microfuge), the DNA pellet was washed with 70% 
ethanol and resuspended in 100 pi TE buffer. Typically, this method yields 500 pg 
to 1 mg plasmid DNA (mostly supercoiled), which is o f suitable quality for all 
applications described in this thesis.
2 .2 .9 .4  P re p a ra tio n  of single s tra n d e d  p lasm id  DNA
Single stranded rescue o f pBiuescript DNA, using helper phage (M l3 K 07), was 
performed using the method of Blondel and Thillet (1990) and was as follows: a 
single freshly grown colony, harbouring the phagemid, was picked from an LB agar 
plate containing 100 pg/ml ampicillin and 12.5 pg/ml tetracycline. The colony was 
then suspended in 20 p i 2 x YT medium. Helper phage was added (5 pi) from a 
stock with a titre of at least 10^° pfu/ml. The mixture was incubated for 15 min at 
room temperature, before adding 500 pi 2 x YT supplemented with ampicillin (100 
pg/ml) and tetracycline (12.5 pg/ml). The mixture was then grown for 1 h at 37°C 
with shaking. The bacterial suspension (120 pi) was added to 3 ml of LB medium in 
a falcon tube, supplemented with ampicillin (100 pg/ml), tetracycline (12.5 pg/ml) 
and kanamycin (75 pg/ml). The mixture was incubated with shaking for 18-20 h at 
37°C. The overnight culture (1.4 ml) was microfuged (7 min, 7000 rpm) to remove 
bacterial debris. The supernatant (1.2 ml) was removed and 200 p i of a solution 
containing 20% PEG 6000 and 2.5 M NaCl was added. The mixture was incubated
■
for 30 min at room temperature. The precipitated phage particles were spun down (5 
min, 12000 rpm) in a microfuge and the phage pellet dissolved in 100 pi TE buffer, 
extracted twice with 50 p i phenol and once with 100 p i chloroform. The DNA was 
then ethanol precipitated and resuspended in 30 pi TE buffer. A typical concentration 
obtained was 0.2 pg/pl.
2 . 2 . 1 0  Plating out the lambda phage library for screening with 
DNA probes
The cDNA library used in this study was in I g t l l .  The host for this vector is E.coli 
Y1090/t.çdK (see section 2.1.4), Plating bacteria were prepared as follows: Sterile LB 
medium (20 pi), supplemented with 0.2% maltose, was inoculated with a single 
colony of Y 1090 taken from a freshly grown plate. The culture was grown overnight 
with moderate shaking at 37°C. The bacteria were pelleted by centrifugation at 4000 
rpm (Beckman GS-6R benchtop centrifuge) for 10 minutes at room temperature and 
the cells were resuspended by vortexing in 20 ml sterile 10 mM M gS0 4 . Plating 
bacteria prepared in this way can be stored at 4°C for up to 3 weeks.
To titre the phage library, a serial dilution was made o f the library stock.in 
SM buffer (100 mM NaCl, 8 mM MgSO^, 50 mM Tris-HCl pH 7,5, 0.01% gelatin). 
A 100 pi aliquot of each dilution was mixed with 100 pi plating bacteria. The tubes 
were incubated for 20 minutes at 37“C to allow the phage particles to infect the 
bacteria. M olten top agar at 47“C (2.5 ml) was added to each tube, the mixture 
vortexed briefly and poured onto pre-warmed 90 mm LB plates. Once the agar had 
hardened, the plates were inverted and incubated overnight at 37 “C.
For library screening, the phage were plated out using the appropriate dilution 
to give approximately 30,000-75,000 plaques per 150 mm LB plate. Molten top 
agarose (10 ml) was used in this case to prevent the top layer peeling off during 
plaque lifts. Plaques which gave a positive signal upon hybridisation of the plaque 
lifts were isolated as follows: An agar plug (approximately 5 mm in diameter) was
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removed around the area o f the plaque with the snipped-off end of a 1 ml disposable 
pipette tip. The agar plug was placed in 1 ml SM buffer containing a drop of 
chloroform (the chloroform had been extracted with sodium bicarbonate to remove 
photolysis products). The plug was left to elute for 1 hour with occasional agitation 
and the phage were plated out at a density of 100 to 300 plaques per 90 mm plate so 
that well isolated plaques which hybridised to the probe upon secondary screening 
could be picked.
2 . 2 . 1 1  Small scale preparation o f lambda DNA
Either liquid lysate or plate lysates can be used as starting material. For this study, 
liquid lysates were used and prepared as follows: A single, well isolated plaque was 
picked from a fresh plate and transferred to an Eppendorf containing 100 pi SM 
buffer. This was placed at 4°C overnight. A fresh culture of E.coli Y 1090 hsD was 
started by inoculating a single colony into 5 ml LB (supplemented with 0.2% maltose 
and 10 mM MgS0 4 ), and shaking at 37“C overnight. The overnight culture (500 pi) 
was added to 20 pi of the phage plug eluate and the mixture incubated at 37°C for 20 
minutes. The infected culture was transferred to a 250 ml Erlenm eyer flask 
containing 100 ml pre-warmed LB (to 37“C) supplemented with 10 mM MgS0 4 . The 
flask was incubated at 37“C with shaking until lysis occurred, at which point 500 pi 
chloroform was added. If after 7 hours lysis had not occurred, 500 pi chloroform 
was added and shaking was continued for a further 15 minutes. The lysate was 
centrifuged at 8000 rpm (Beckman JA-20 rotor) for 10 minutes at 4“C to remove 
cellular debris. A 10 ml aliquot of the lysate was transferred to a Corex tube. 
Nuclease mixture (40 pi) (0.25 mg/ml RNase A, 0.25 mg/ml DNase I, 150 mM 
NaCl, 50% glycerol) was added and the tube incubated at 37°C for 15 minutes. 
Phage Precipitant (4 ml) (33% PEG 8000, 3.3 M NaCl) was then added to the lysate, 
the solution mixed gently and placed on ice for 30 minutes. The tube was centrifuged 
at 10,000 rpm (Beckman JA-20 rotor) for 10 minutes at 4°C. The supernatant was
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'Xgdecanted and the pellet resuspended in 500 pi Phage Buffer (150 mM NaCl, 50 mM 
Tris-HCl pH 7.4, 10 mM MgSO^). The resuspended phage were transferred to an 
Eppendorf tube which was centrifuged for 10 seconds at 12,0(X) rpm to remove any 
insoluble particles. Purification Resin (1 ml) was added to the supernatant. The 
resin/lysate mixture was applied onto a Magic Lambda Prep Column (which was 
attached to a vacuum manifold, Promega), and the vacuum applied. The column was 
then washed with 2 ml 80% isopropanol whilst maintaining the vacuum. The column 
was fitted in an open Eppendorf tube and dried by centrifuging for 20 seconds at
12,000 rpm in a microfuge. The lambda DNA was eluted by applying 100 pi TE 
buffer pre-heated to 80“C to the column and centrifuging the column (fitted in a fresh 
Eppendorf tube) for 20 seconds at 12,000 rpm.
2 . 2 . 1 2 .  Preparation of genom ic DNA
2 . 2 . 1 2 . 1  Preparation of pea or m ouse genomic DNA (method 1)
Genomic DNA was extracted from pea nuclei, which were prepared using the 
method described by Yesufu et al. (1991), were kindly provided by Claire Houlston 
according to the method described by Yesufu et al., 1991). Nuclei from 30 g pea 
seedlings were suspended in 1 ml phosphate buffered saline (see section 2.1.3.) and 
1 ml SDS mix (2% SDS, 4 mM EDTA, butanol 10%). They were then incubated 
with proteinase K (50 pg/m l) for 1 hour at 37 °C. An equal volum e of 
phenol/chlorofomi was added and the two phases were mixed by gentle inversion 
over a period of 10 minutes. The mixture was then centrifuged at 3000 rpm in a 
Beckman bench top centrifuge, model TJ-6. The upper aqueous layer was extracted 
with phenol/chloroform in the same way until there was no interface (1 or 2 further 
extractions). This was followed by a chloroform  extraction. The DNA was 
precipitated with two volumes of ethanol at -2 0 “C. The precipitated DNA was 
spooled out of solution and washed twice with 70% ethanol and left to air dry before
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being dissolved in 250 pi 50 mM KCl (at 4 °C overnight). Mouse genomic DNA was 
prepared using this method on mouse ascites nuclei which were kindly provided by 
Dr. R.L.P. Adams.
2 .2 .1 2 .2  Preparation of pea genomic DNA (method 2)
This method (adapted from that of Rogers and Bendich, 1988) employed the 
detergent CTAB (cetyltrimethylammonium bromide), and yields plant genomic DNA 
which is relatively free of contaminating polysaccharides, which can inhibit digestion 
by restriction enzymes. Genomic DNA was made from 5 day old pea shoot tips. The 
htirvested material (-5 -1 0  g) was ground under liquid nitrogen with a pestle and 
mortar. An approximately equal volume of 2 x CTAB buffer (2% CTAB (w/v), 100 
mM Tris-HCl (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 1% (w/v) polyvinylpyrrolidone 
(PVP 40,000), pre-heated to 65°C, was mixed with the ground plant tissue. One 
volume of chloroform/isoamyl alcohol (24:1) was then added, and mixed gently to 
form an emulsion. The mixture was then centrifuged at 10,000 rpm in a Beckman 
JA-20 rotor for 10 min, and the upper aqueous phase collected. A 1/10 volume of 
10% CTAB buffer was then added (10% w/v CTAB, 0.7 M NaCl) and mixed S
gently. The chlorofoiTn/isoamyl alcohol extraction was repeated and an equal volume 
of CTAB precipitation solution (1% CTAB, 50 mM Tris-HCl (pH 8.0), 10 mM 
EDTA) was then added and mixed gently. The DNA/CTAB precipitate was dissolved 
in high salt TE buffer (TE with 1.0 M NaCl) then precipitated with 2 volumes of 
ethanol. The precipitated DNA was spooled out, and resuspended in high salt TE 
buffer before purification by CsCl equilibrium density centrifugation as follows:
The volume of the DNA solution was measured precisely and 1 g CsCl was 
added per ml plus 0.8 ml ethidium bromide (10 mg/ml). The final density of the 
solution was 1.55 g/ml. The solution was centrifuged at 12,000 rpm (Beckman JA- 
20 rotor) for 5 min. The clear red solution was removed from the precipitated protein 
complexed with ethidium bromide and transferred to a 5.1 ml polypropylene
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ultracentrifuge tube, and the tube heat sealed. The tube was centrifuged overnight at
45,000 rpm in a VTi 65 rotor (Beckman), at 22°C. After centrifugation, the banded 
DNA (visualised under u.v.) was removed by piercing the top of the tube with a 
hypodermic needle to let in air, then piercing just underneath the DNA band with an 
18-guage hypodermic needle attached to a 1 ml syringe. The ethidium bromide was 
removed from the DNA by extracting several times with an equal volume of water- 
saturated butan-l-o l (no centrifugation required) until the aqueous phase was 
colourless. The CsCl was then removed by dialysis against TE buffer overnight.
2 . 2 . 1 3  RNA isolation and handling
Where practical, all solutions and plasticware used for the extraction and handling of 
RNA were treated with DEPC (diethylpyrocarbonate) as follows: DEPC was added 
to solutions (except those containing Tris) at a concentration of 0.1% (v/v). The 
solutions were left overnight and then autoclaved at 15 psi for 20 min. Tris solutions 
were prepared by dissolving Tris in DEPC-treated water. Disposable plasticware was 
soaked in 0.1% DEPC overnight before autoclaving. G lassware was washed 
thoroughly and baked at 180“C for 2 h.
2 . 2 , 1 3 , 1  Preparation of total RNA from pea seedlings
The Kirby method was used for total RNA isolation, and was as follows: the material 
(1 g of pea seedlings, stored at -70°C) was ground under liquid nitrogen with a 
pestle and mortar.and the ground tissue transfen’ed to a sterile falcon tube containing 
10 ml phenol (equilibrated to pH 7.6 with 10 mM TE) plus 10 ml Kirby reagent 
(section 2.1.3). The two phases were mixed by vortexing and the tube was 
centrifuged at 3000 rpm (Beckman GS-6R bench top centrifuge) for 10 minutes. The 
aqueous layer was removed and was re-extracted with 5 ml phenol reagent mixed 
with 5 ml chlorofomi. This was repeated until there was a clear interface between the
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phases (usually twice). The RNA was precipitated with an equal volume of 
isopropanol at 4“C and pelleted by centrifugation at 3000 rpm (Beckman GS-6R 
benchtop centrifuge) at 4°C. The pellet was then washed 3 -^  times with 2.5 M 
sodium acetate (pH 5.2) to remove contaminating polysaccharides, then washed with 
80% ethanol made with DEPC-treated water and resuspended in 200 pi DEPC- 
treated water.
2 . 2 . 1 3 . 2  Isolation of poly(A)+ RNA
Poly(A )+ RNA was isolated from total RNA (2.5.13) by oligo dT cellulose 
chromatography according to the method described by Sambrook et aL{\9%9). The 
oligo dT cellulose (1 g) was suspended in 0.1 N NaOH. A column (bed volume = 1 
ml) was poured into a DEPC-treated 2.5 ml syringe plugged with glass wool. The 
column was rinsed with sterile, RNase-free 1 x column-loading buffer (20 mM Tris- 
HCl (PH 7.6), 0.5 M NaCl, 1 mM EDTA (pH 8.0), 0.1% sodium lauryl sarcosinate) 
until the pH of the effluent was less than 8.0. Total RNA (10 mg) (prepared from 
-15  g pea shoots) was diluted to 2 ml with DEPC-treated water. The solution was 
then heated to 65°C for 5 minutes, cooled quickly to room temperature (in a water 
bath) before adding an equal volume of 2 x column-loading buffer. The total RNA 
sample was then applied to the column and the eluate collected. The column was then 
rinsed with 1 ml 1 x column loading buffer and the eluate collected. The eluates were 
then pooled, heated to 65°C and cooled to room temperature as before, then re­
applied to the column. The eluate was collected in 1 ml fractions. The column was 
then washed with 10 ml 1 x column loading buffer, followed by 10 ml 1 x column 
loading buffer (containing 0.1 M NaCl), Throughout, 1 ml samples were collected. 
The OD26O values were measured for each fraction. The elution was stopped when 
the OD26O of the fractions approximated to zero. The poly(A)+ RNA was then eluted 
with 4 ml sterile RNase-free elution buffer (10 mM Tris-HCl, pH 7.8, 1 mM EDTA 
(pH 8.0), 0.05% SDS). The OD26O of each fraction was then measured in a quartz
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cuvette which had been soaked in concentrated HCkmethanol (1:1) then washed 
extensively with DEPC-treated water. The peak fractions were pooled, ethanol 
precipitated and resuspended in DEPC-treated water. An aliquot was checked by 
denaturing gel electrophoresis (section 2.2.13.3). It was always found that the 
chromatography step had to be repeated to get rid of residual ribosomal RNA.
2 . 2 . 1 3 . 3  RNA electrophoresis in denaturing agarose gels
The method used was that suggested by Sambrook et a/.(1989). A 1% agarose gel 
with formaldehyde was prepared as follows: the appropriate amount o f agarose was 
dissolved in water and the solution cooled down to 60“C. Formaldehyde and 10 x 
MOPS buffer (section 2.1.3) were added to concentrations of 2,5 M and 1 x 
respectively. The gel was cast in the same apparatus used for DNA agarose gel 
electrophoresis which had been pre-treated with 3% H2O 2 and rinsed with DEPC 
treated water to inactivate any RNase. The samples were prepared by mixing the 
following: RNA (up to 30 pg) (5.5 pi), 10 x MOPS buffer (1.0 pi), formaldehyde 
(3.5 pi), and deionised formamide (10 pi). The samples were incubated for 15 
m inutes at 65“C and then chilled on ice. To each sample was added 2 pi 
formaldehyde gel-loading buffer (50% glycerol, 1 mM EDTA, 0.25% bromophenol 
blue). The gel was pre-run at 5 V/cm with 1 x MOPS buffer as the electrophoresis 
buffer. The samples were then loaded and the gel was run at 4 V/cm. RNA size 
markers were also run to enable size estimation of unknown messages. The quality 
of the RNA and the distance moved by the size markers were checked by staining the 
gel with ethidium bromide (0.5 pg/ml in 0.1 M ammonium acetate) for 30 minutes 
and the RNA visualised on the u.v. transilluminator. A better picture was obtained if 
the gel was left to destain overnight in distilled water at 4“C.
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2 . 2 . 1 4  Nucleic acid transfer to membranes
2 . 2 . 1 4 . 1  DNA transfer from agarose gels to m em branes (Southern
b lottin g)
This m ethod is basically that of Southern (1975). Positively charged nylon 
membranes (Hybond N+, Amersham international pic) were used throughout this 
study. DNA can be fixed to these membranes with alkali, and thus the blotting and 
fixing steps can be combined if alkali is used as the blotting buffer.
After electrophoresis (section 2.2.5) the agarose gel was immersed in 0.25 M 
HCl for 15 minutes at room temperature with gentle agitation. This "depurination" 
step was only necessary to increase the efficiency of transfer of DNA fragments of 
10 kb and over. The gel was rinsed in distilled water and an alkali blot was set up as 
follows: NaOH (0.4 M) was used to fill two reservoirs connected over a solid 
support by two wicks of Whatman 3 MM paper and the gel was placed on the bridge. 
Any of the 3 MM paper surface not covered by the gel was covered with parafilm, to 
prevent side capillary transfer, A nylon filter cut to the size of the gel was placed on 
top of the gel and three sheets of Whatman 3 MM paper cut to size and pre-wet with 
0,4 M NaOH were placed on top of the filter. An excess stack of absorbent paper 
was further placed on top and the whole system compressed using a 1 kg weight on 
top of a glass plate. Transfer was allowed to proceed for 2-3  hours. The filter was 
then rinsed in 2 x SSC (section 2,1.3), wrapped in SaranWrap and stored at 4“C, 
ready for hybridisation,
DNA was also transferred from agarose gels to nylon membranes by vacuum 
blotting using the Hybaid vacuum blotter (model VA), Again 0,4 M NaOH was used 
as blotting buffer. A sheet of Whatman 3 MM paper pre-wet with blotting buffer, 
was placed on top of the solid, porous support of the blotting apparatus and the 
nylon filter placed on top. A rubber gasket was placed over the filter so that the filter 
was framed. The gasket was held in place by a sealed plastic frame which would
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2 .2 .1 4 .3  T ran sfe r  of RNA from  agarose gels to m em branes 
(n o rth e rn  b lo tting )
After electrophoresis (section 2.13.3), the gel is rinsed in distilled water and is 
capillary blotted overnight on to a Hybond N+ filter (Amersham) using 20 x SSC as
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accommodate the blotting buffer. A little blotting buffer was poured over the filter 
and the gel positioned over the window in the gasket. A vacuum was applied beneath 
the porous support, which held the gel in place. The gel was then immersed in 
blotting buffer and vacuum blotting continued for 20-30 minutes, after which the 
filter was rinsed in 2 x SSC.
2 .2 .1 4 .2  T ran sfe r  of DNA from  phage p la tes to m em branes (p laque 
l i f ts)
Phage libraries were plated out as described in section 2.2.10. A circular 150 mm 
Hybond N+ membrane (Amersham International pic) was placed on each plate. Each 
filter was left in place for 1 minute whilst piercing with a syringe needle through to 
the agar in various asymmetric positions in order to orientate the autoradiograph to 
the plate later on. The filter was then transferred (DNA side up) to a pad of Whatman 
3 MM paper soaked in denaturing solution (1.5 M NaCl, 0.5 M NaOH) and left for 7 
minutes. The filter was transferred next to a pad of Whatman 3 MM paper soaked in 
neutralising solution (1.5 M NaCl, 0.5 M Tris-HCl pH 7.2, 10 mM EDTA) and left 
for 3 minutes. This was repeated with a fresh pad soaked in the same solution. The 
filter was then rinsed briefly in 2 x SSC and transferred to a 3 MM pad soaked in 
fixing solution (0.4 M NaOH). Filters were left to fix for 20 minutes before rinsing 
in 2 X SSC, after which they were ready for hybridisation. Duplicate plaque lifts 
were taken from each plate in order to eliminate spurious hybridisation signals upon 
autoradiography.
3
the blotting buffer. After transfer, the filter is washed briefly with 2 x SSC and the 
RNA fixed to the membrane by placing the membrane RNA side down on to a u.v. 
transilluminator and exposing to u.v. for 90 seconds.
2 . 2 . 1 5  R adiolabelling o f DNA probes
2 . 2 . 1 5 . 1  Random  oligonucleotide-prim ed synthesis from DNA
fragm ents
The method used was based on that developed by Feinberg and Vogelstein (1983 and 
1984). The Amersham M egaprim e kit (RPN 1606) was used, which employs 
synthetic random nonamers as primers instead of the original hexamer primers. The 
desired DNA fragment was resolved on a low melting point agarose gel as described 
in section 2.2.5. Enough DNA was loaded on the gel so that there would be 250 ng 
of the desired fragment. The gel slice obtained was weighed and 3 volumes of sterile 
distilled water were added. The slice was melted at 100°C for 5 minutes, the volume 
of agarose measured and aliquots which contained 25 ng were dispensed into 
Eppendorf tubes which were stored at -2 0 “C. For one labelling reaction, an 
Eppendorf tube was thawed and the agarose melted by boiling for 30 seconds. 
Primer solution (5 pi) was added plus sterile water to bring the final volume to 50 pi. 
The primer/DNA mixture was boiled for five minutes, cooled to room temperature 
and 10 p i labelling buffer (dATP, dGTP, dTTP in Tris-H Cl, pH 7.5, 2- 
mercaptoethanol and MgCH), 50 pCi of [a-^2p]dCTP (Amersham, 3000 Ci/mmol), 
and 2 units of Klenow fragment (cloned) were added. The mixture was incubated for 
30 minutes at 37“C, then the reaction stopped by adding 4 pi EDTA (0.25 M). The 
percentage incorporation (typically 50-80%) of the 32p labelled dCTP was measured 
using Whatman DE81 paper with 0.3 M ammonium formate (pH 8) as the solvent for 
vertical paper chromatography. Unincorporated 32p labelled dCTP migrates along 
with the solvent front whereas that incorporated into DNA stays at the origin. The
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percentage incorporation can therefore be estimated by Cerenkov counting in a 
scintillation counter. The specific activity of the DNA labelled by this method is 
typically > 10^ dpm/pg DNA.
2 . 2 . 1 5 . 2  E nd-labelling o f oligonucleotides
Single stranded synthetic oligonucleotides were end-labelled using T4 polynucleotide 
kinase and [y-32p]ATP as follows: 10 pmoles of oligonucleotide were labelled with 
10 pmoles [y-32p]ATP (Amersham, 5000 Ci/mmol) in a reaction buffer containing 
50 mM Tris-HCl (pH 7.6), 10 mM M gCl2, 5 mM DTT, 1 mM  EDTA, 0.1 mM 
spermidine and 10 units T4 polynucleotide kinase (NBL), in a final volume of 10 pi. 
The reaction was carried out for 1 hour at 37“C, after which the polynucleotide 
kinase was inactivated by heating to 68°C for 10 minutes. The extent of incorporation 
was estimated and the specific activity calculated as described in the previous section.
2 . 2 . 1 5 . 3  Rem oval of unincorporated nucleotides using Sepliadex 
spin colum ns
To separate out unincorporated nucleotides from DNA fragments and synthetic 
oligonucleotides of 14 bases and over, ready-m ade Sephadex spin columns 
(Chromaspin-10, Clontech) were used. A column was resuspended by inverting 
several times, and the matrix buffer (100 mM NaCl, 10 niM Tris-HCl (pH 8.0), 1 
mM EDTA) was allowed to drain out by gravity. The column was then centrifuged 
twice for 3 minutes at 1200 rpm in a Beckman GS-6R benchtop centrifuge to remove 
excess buffer and to pack the column. After stopping the labelling reaction by 
inactivating the relevant enzyme, 1 pg fragmented salmon sperm DNA was added to 
the reaction mix to act as a carrier. The mix was loaded onto the centre o f the 
prepared column, which was then centrifuged at 1200 rpm for 5 minutes. Over 95% 
of unincorporated nucleotides are removed by columns of this size exclusion range,
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whereas only -30%  of 14-mer oligonucleotides are removed and more than 90% of 
DNA fragments of 26 bp and over are recovered.
2 . 2 . 1 6  Hybridisation of blotted DNA and RNA
2 . 2 . 1 6 . 1  Hybridisation using DNA probes labelled by random
prim ing
The following conditions (as recommended by Sambrook et al., 1989) were used for 
the hybridisation of DNA fragments (labelled by random priming, section 2.2.15.1) 
to denatured DNA or RNA immobilised on positively charged nylon membranes. 
The nylon membrane blotted with DNA or RNA was placed in a polythene bag 
containing 5-10  ml hybridisation buffer (5 x SSPE (section 2.1.3), 0.5% (w/v) 
SDS, 100 pg/m l denatured fragmented salmon sperm DNA and 5 x Denhardt's 
solution (section 2.1.3). The bag was sealed and the membrane pre-hybridised for 1 
hour at 65 “C with constant agitation. The appropriate DNA probe was denatured (if 
double-stranded) by boiling for 5 minutes and then cooling on ice for 5 minutes. The 
probe was then added to the membrane plus prehybridisation buffer and the bag re­
sealed. Hybridisation was allowed to take place for at least 12 hours at 65“C with 
constant agitation. (A lternatively, hybridisation was carried out in a H ybaid 
hybridisation oven in bottles which held 5 ml hybridisation solution). After 
hybridisation, the following washes were can ied  out in order to remove non- 
specifically hybridised probe from the filter; twice with 2 x SSC, 0.1% SDS at room 
temperature for 10-30 minutes, once with 1 x SSC, 0.1% SDS at 65“C for 15-30 
minutes and once with 0.1 x SSC, 0.1% SDS at 65“C for 10-30 minutes (this wash 
was only carried out when the probe was completely homologous). After washing, 
the filter was wrapped in SaranWrap and exposed to X-ray film (Fuji) using an 
intensifying screen (Dupont, Cronex-lightning plus) for a suitable period at -70°C. 
Alternatively, autoradiography was carried out using a phosphoimager (FujiX BAS
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1000). This method is faster and more sensitive than conventional autoradiography. 
The blot was exposed to a phosphoim ager plate at room  tem perature for an 
appropriate length of time. The plate was then scanned and the digitalised image 
viewed on a Macintosh computer terminal using the MacBAS package.
Nylon membranes were stripped for subsequent re-screening by pouring over 
boiling 0.5% SDS which was then allowed to cool down to room temperature. 
Adaptations to this basic protocol were as follows:
If hybridisation needed to be carried  out at low er stringency, the 
prehybridisation, hybridisation and post hybridisation washes were carried out at a 
low er temperature which was em pirically determined. In some cases it was 
appropriate to include deionised formamide in the hybridisation solutions. The 
presence of formamide has the same effect on stringency as does raising the 
temperature, and thus the stiingency can be varied in parallel hybridisations by 
varying the percentage formamide (up to 50%) whilst keeping the temperature 
constant.
Northern blots of total RNA and Southern blots of genomic DNA have low 
target concentrations, thus the hybridisation needs to be pushed by having the probe 
at high concentration; i.e. by keeping the volume to a minimum. If, on the other 
hand, there is a high concentration of tai’get DNA on the filter (for example plaque 
lifts), hybridisation can be carried out in volumes of -5 0  ml in a plastic box.
2 . 2 . 1 6 . 2  Screening the cDNA library with end-labelled degenerate 
prim ers
The method used is that described by Sambrook et a / .(1989). Pools o f short 
degenerate oligonucleotides whose design was based on conserved amino acid motifs 
were end labelled as described in section 2.2.15.2 to a specific activity of >1 x 10  ^
dpm /pg . H ybrid isa tion  was ca rried  out in the p resence o f 3.0 M 
tetrametliylammonium chloride (TMACl). The presence of salts of this type serves to
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ensure that all species of the degenerate pool of oligonucleotides have an equal 
annealing temperature, regardless of their (G+C) content, so that there will be no bias 
in target hybridisation. Filters were pre-hybridised for 2 -6  hours in oligonucleotide 
prehybridisation solution (6 x SSC), 10 mM sodium phosphate (pH 6 .8), 1 mM
;EDTA, 0.5% SDS, 100 p.g/ml denatured, fragmented salmon sperm DNA, and 0.1% X;
'j-nonfat dried milk at the appropriate hybridisation temperature. The pre-hybridisation :X;
solution was replaced with 25 ml hybridisation solution (3.0 M TMACl, 10 mM 
sodium phosphate (pH 6 .8), 1 mM EDTA, 0.5% SDS, 100 qg/m l denatured, S
fragmented salmon sperm DNA, 0.1% nonfat dried milk, and the filters hybridised in 
a sealed plastic bag at the same temperature for the appropriate length of time (based 
on the level of probe degeneracy). The filters were washed firstly in 6 x SSC, 0.5%
SDS, 10 mM sodium phosphate (pH 6 .8) for 10 minutes at room temperature. This 
was repeated twice. Next, the filters were washed with hybridisation solution 
without salmon sperm DNA or nonfat milk for 5 minutes at room temperature.
Finally, the filters were washed for 5 minutes with the previous solution at the 
temperature used for hybridisation. The filters were then wrapped in SaranWrap and 
autoradiographed.
(A stock solution of 6 M TMACl was prepared, activated charcoal was added 
to 10% (w/v) and the solution stirred for 30 minutes. The solution was then filtered 
through Whatman no. 1 paper and then through a Nalge 0.45-micron filter. The 
concentration of TMACl was then accurately measured by measuring the refractive ÿ
index of the solution).
2 . 2 . 1 7  The polym erase chain reaction (PGR)
The polymerase chain reaction is a powerful method for the in vitro amplification of 
specific DNA fragments. The basic PCR methodology is as follows;
Standard PCR amplification reactions were set up in a total volume of 100 jil. 
The reaction mix contained: 10 pi of Promega 10 x Taq DNA polymerase buffer (500
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mM K O , 100 niM Tris-HCl, pH 9.0, 100 mM N aO , 0.1 mM EDTA, 5 mM DTT, 
1.0% Triton X-100), 0.2 mM each dATP/dGTP/dCTP/dTTP, 2 mM MgCla, 2.5 
units Taq DNA polymerase (Promega), 20 pmol each o f the two oligonucleotide 
primers used and a suitable amount of target DNA, depending upon its complexity (2 
ng plasmid, -3 0 -5 0  ng cDNA). The optimum magnesium concentration can vary for 
different prim er pairs between 0.5 mM and 2.5 mM  over the total dNTP 
concentration (Innes and Gelfand, 1990). The samples were overlaid with 100 pi 
mineral oil to prevent evaporation during heating. Amplification was carried out 
using a programmable DNA thermal cycler (Perkin Elmer Cetus (model 480) or 
Appligene Crocodile II). The exact conditions used for amplification varied with the 
nature and length of the target sequence and primers. The stages involved in the PCR 
were an initial dénaturation of 94“C, followed by repeated cycles of dénaturation 
(94°C), annealing of primers (50-60°C), extension from primer (72“C). The cycles 
were followed by a final extension time at 72°C. Finally, the samples were cooled to 
4°C to stop the reaction. PCR amplified DNA products were analysed by agarose gel 
electrophoresis (section 2.2.5).
2 . 2 . 1 8  PCR am plification o f first strand cDNA using degenerate 
oligonucleotides as prim ers
2 . 2 . 1 8 . 1  First strand cDNA synthesis
First strand cDNA was prepared from total RNA obtained from 4-5  day old pea 
seedlings (section 2.2.13.1) using a Pharmacia first strand cDNA synthesis kit which 
uses Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase. Prior to first 
strand synthesis, the RNA was treated with RNase free DNase 1 to remove any 
contaminating genomic DNA; Total RNA (200 pg) was incubated in 30 mM Tris- 
HCl (pH 8.0), 10 mM NaCl, 10 mM CaCl2, 6 mM MgCla and 1 unit of RNase free 
DNase I (Promega), in a total volume of 50 pi, for 1 hour at 37°C. The RNA was
8 2
then ethanol precipitated.
Reverse transcriptions using the Pharmacia kit were carried out as follows: 5 
pg RNA in 8 pi was heated to 65°C for 10 minutes then chilled on ice. Bulk first 
strand cDNA reaction mix (5 pi), containing cloned, FPLCpwr^ MuLV Reverse 
Transcriptase, RNAguard, RNase/DNase-free BSA, dATP, dCTP, dGTP, dTTP in 
aqueous buffer was added to the heat denatured RNA as well as 1 p i DTT and 1 pi 
N ofI-d(T)i8 primer (5'-[AAC TGG AAG AAT TCG GGG CCG CAG GAA Tig]- 
3 '), 0.2 pg/pl (13 pmol/pl) or 0.4 pg (50 pmol) of the downstream antisense primer. 
The mixture was then incubated for 1 hour at 37°C.
2 . 2 . 1 8 . 2  PCR am plification of first strand cDNA
A fter first-strand synthesis was complete, the Aofl-dTig prim er was removed by 
applying the sample to a Chromaspin 100 column (Clontech). (For column use see 
section 2.2.15.3). The RNA/cDNA was then ethanol precipitated, resuspended in 10 
pi sterile water, 3 pi of which was used in each PCR reaction. If the downstream
antisense primer was used to prime first-strand cDNA, the chromaspin step was
. . . .omitted and the cDNA was ethanol precipitated using ammonium acetate to remove
unincorporated dNTPs, then resuspended in 10 pi sterile water. A 3 pi aliquot of this 
was used in each PCR reaction.
The PCR reaction mix was as detailed in section 2.2.17, with 100 pmol (-0.8 
pg) of each degenerate primer, whose design was based on conserved amino acid 
motifs. The primers also included an EcoRI site at their 5" end to facilitate cloning of 
PCR products. The PCR temperature profile differed from the basic profile listed in 
section 2.2.17. There was an initial dénaturation step of 94“C for 3 min, followed by 
3 X [94“C for 1 min, 32-37°C for 1 min, 72°C for 1 min]. This was followed by 3 0 - 
35 X [94°C for 1 min, 46°C for 1 min, 72°C for 1 min] and then a final extension at 
72°C for 2 min, after which the samples were cooled down to 4°C. This protocol 
was based on that described by Compton (1990). The PCR products were then
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ethanol precipitated and analysed by agarose gel electrophoresis. Repeat PCR 
amplification (from the second cycling stage) was also carried out on 1 pi aliquots 
taken from the original PCR samples after amplification in order to visualise very 
faint bands.
2 . 2 . 1 9  Rapid am plification of cDNA 3' ends (3" RACE)
A 3 ' RACE kit (purchased from Gibco BRL, Cat. No. 8373SA) was used for all 3 ' 
RACE experiments. This kit contained all the reagents required for reverse 
transcription and subsequent PCR amplification, with the exception of the gene- 
specific primer and thermostable polymerase.
2 . 2 . 1 9 . 1  First stand cDNA synthesis using poly(A)+ RNA
The protocol as recommended by the manufacturers was as follows: poly(A)+ RNA 
(0.5 pg) from 5 day old pea seedlings (prepared as in section 2.2.13.2) was diluted 
to 13 pi with DEPC-treated water in a sterile DEPC-treated Eppendoif. To this was 
added 1 pi Adapter Primer (AP) supplied with the kit (sequence 5 '- [GGC CAC GCG 
TCG ACT AGT A C(T)i7] -32 The mixture was incubated at 65“C for 10 min and 
chilled for 2 min on ice. The tube was then centrifuged briefly in a microfuge 
(12,000 rpm) before adding the following: 2 pi 10 x synthesis buffer (200 mM Tris- 
HCl (pH 8.4), 500 mM KCl, 25 mM M gCh, 1 mg/ml BSA), 1 |ll dNTP mix (10 
mM each dATP, dCTP, dGTP, dTTP) and 2 pi DTT (0.1 M). The mixture was then 
equilibrated to 42°C for 2 min. 1 pi Superscript reverse transcriptase (200 U/pl) was 
then added and the mixture was incubated at 42°C for 30 min. After reverse
,transcription, the RNA was removed using E.coli RNase H, supplied with the kit 
(this step has been shown in some cases to improve the efficiency of PCR); the tube 
was placed on ice and 1 p i RNase H (2 U /pl) was added. The mixture was then 
incubated at 42°C for 10 min. The sample was then ready for PCR amplification.
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The following modifications were made to the reverse transcription reaction 
to improve the yield of full length product and reduce the level of truncated artefacts: 
the amount of AP was reduced from 10 pmol to 1.2 pmol, and the incubation 
temperature for the reverse transcription was increased to 45°C.
2 . 2 . 1 9 . 2  PCR am plification using Taq  polym erase
Amplification was carried out on 2 p i samples neat and 2 p i samples of 10-fold 
dilution of the first strand synthesis reaction mentioned above. The PCR reaction mix 
was assembled as follows using the kit reagents m entioned above: 5 p i 10 x 
synthesis buffer, 1 pi dNTP mix, 39.5 pi sterile water, 1 pi gene-specific primer (10 
pM ) (5'-[AAC TGC AGA ATT GGC CTC TA A ]-3'), plus either 1 p i Adapter 
Primer (10 pM) (mentioned above) or 1 pi Universal Amplification Primer (10 pM) 
which was also supplied with the kit (5'-[CUA CUA CUA CUA GGC CAC GCG 
TCG ACT AGT AC]-3'), and 0.5 pi (2.5 U) Taq polymerase.
The following PCR parameters were found to be optimum: [94“C for 5 min, 
75°C for 5 min] x 1, [60“C for 2 min, 72°C for 40 min] x 1, [94“C for 1 min, 60“C 
for 1 min, 72°C for 3 min] x 30, [72“C for 15 min] x 1. Cycling was carried out 
using the Appligene Crocodile II thermocycler using a temperature probe inside a 0.5 
ml Eppendorf tube. Also a "Hot Start" was employed, whereby the Taq polymerase 
then the mineral oil (pre-heated to 75°C) were added to the samples once the 
temperature had reached 75°C.
2 . 2 . 1 9 . 3  PCR am plification using P fu  polym erase
First-strand cDNA (1 pi), prepared using the modified protocol (section 2.2.19.1), 
was used as template. PCR was carried out using 10 pmol each of the gene-specific 
primer and the Adapter Primer (both described above), using 2.5 U native Pfu
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polymerase (Stratagene), in the presence of 20 mM Tris-HCl (pH 8.2), 10 mM KCl, 
6 mM (NH4 )2S0 4 , 15 mM MgCl], 0.1% Triton X-100 and 100 pM  each dNTP. 
(final volume = 50 pi). The following cycling parameters were found to work well: 
[95”C for 5 min, 75°C for 5 min] x 1, [58°C for 10 min, 75"C for 80 min] x 1, 
[95°C for 1 min, 60°C for 5 min and 75°C for 10 min] x 30, [75°C for 60 min] x 1. 
Again, a hot start was performed as described in the previous section.
2 .2 .2 0  M an u al DNA sequencing
Sequencing of both double and single-stranded plasmid templates was carried out 
using the dideoxy chain termination method (Sanger et al„ 1980). A Sequenase 
V ersion 2.0 kit (United States Biochem ical Corp.) was used for all manual 
sequencing reactions, Sequenase 2.0 is a genetic variant of bacteriophage T7 DNA 
polymerase created by in vitro genetic manipulation, in which the 3''-5 " exonuclease 
activity of the wild type enzyme has been completely removed. Its other features 
include high procès si vity and high speed. The primers used for sequencing were the 
M l3 Reverse or -2 0  Universal primers (see Fig. 1.4.2), which were purchased from 
Phai'macia. Alternatively, unique primers designed according to known sequence 
data from the insert were used; these were also purchased from Pharmacia.
2 .2 .2 0 ,1  A nnealing  an d  sequencing  reac tions
For single stranded templates (prepared as in section 2.2.9.4) primer annealing was 
carried out as follows: 1 pmol primer and 1 pg template were mixed with 2 pi 5 x 
Sequenase reaction buffer (200 mM Tris-HCl, pH 7.5, 100 mM MgCl2, 250 mM 
NaCl), in a final volume of 10 pi. The mixture was heated to 65“C for 2 min and 
allowed to cool to < 30°C over a period of 30 min. The tube was then placed on ice 
and the labelling reaction carried out as follows: to the annealed primer + template 
were added 2 pi dGTP labelling mix (7.5 pM dGTP, 7.5 pM dCTP, 7.5 pM  dTTP)
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(this is usually diluted five-fold), 5-10  pCi [a-^^S]dATP (600 Ci/mmol) and 2 pi 
Sequenase enzyme (1.5 U/pl). The labelling reaction was carried out for 2—5 minutes 
at 18“C.
After this time, four 3.5 pi samples were taken from the labelling mix and 
transferred to four Eppendorf tubes containing 2.5 pi of each of the four ddNTP 
termination mixes (pre-incubating at 38°C). ddGTP temiination mix contains 80 pM 
dGTP, 80 pM  dATP, 80 pM  dCTP, 80 pM  dTTP, 8 pM  ddGTP, 50 mM NaCl. The 
other termination mixes are identical, except that they contain their appropriate 
ddNTP at 8 pM). The termination reactions were incubated at 38°C for 5 minutes 
before adding 4 p i stop solution (95% form am ide, 20 mM  EDTA, 0.05% 
B rom ophenol B lue, 0.05% X ylene Cyanol FF). For reading beyond 300 
nucleotides, the labelling mix was used undiluted, more [a-^^S]dATP (20 pCi) 
added, and the labelling time increased to 5 min.
For double stranded templates, alkali dénaturation and primer annealing were 
carried out on 5 pg plasmid (from a maxiprep, section 2.2.9.3) according to the 
method described by Stephen et al. (1990). The plasmid solution was made up to 9 
pi with TE. NaOH (2 M, 1 pi) was added and the mixture incubated for 15 minutes 
at 37°C to denature the plasmid. Sequencing primer (10 pmol) was then added and 
the mixture vortexed briefly. The alkali was neutralised by adding 3 pi sodium 
acetate (3 M, pH 5.2) and the DNA precipitated with ethanol (75 pi). Following 
centrifugation at 12,000 rpm for 10 minutes in a microfuge, the pellet was washed 
with 100 pi 70% ethanol, dried and resuspended in 8 pi water. To this was added 2 
ml of the 5 x Sequenase reaction buffer mentioned above. The labelling and 
term ination reactions were then carried out as described for single-stranded 
sequencing.
2 . 2 . 2 0 . 2  Gel electrophoresis and autoradiography
Polyacrylamide-urea denaturing gels were prepared as follows: a 40% stock solution
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of acrylamide (38% acrylamide, 2% N"N "-methylene bis aery 1 amide) was prepared of 
which 15 ml was added to 46 g urea (BRL ultra PURE) along with 20 ml 5 x TBE 
(section 2.1.3) and the mixture made up to 100 ml with distilled water. To the 
mixture 400 pi fresh 10% ammonium persulphate and 70 pi TEMED were added and 
the gel poured between two clean glass plates, which were separated by spacers of 2 
mm in width. The notched gel plate was treated with dimethyldichlorosilane to 
prevent the gel from adhering to both plates. The gel was left for at least 2 hours to 
polymerise fully then transferred to the sequencing apparatus (BRL model S2), the 
reservoirs of which were filled with 1 x TBE buffer. A sharks tooth comb was then 
fitted so that the points indented (but did not pierce) the surface of the gel. The gel 
was pre-run for 30 minutes at 30 mA and 40 W. The sequencing reaction tubes were 
heated to 75-80°C prior to loading 2 -3  pi of each reaction mix; the wells were 
flushed with buffer before loading. Electrophoresis was carried out at 30 mA and 40 
W. Two separate loadings were necessary to maximise the length of sequence that 
could be read: the first loading was subjected to elecpophoresis for 3-4 hours and the 
second loading for 1.5-2 hours. After elecPophoresis and removal of the notched gel 
plate the gel was fixed by soaking in a 2 litre bath of 5% (v/v) acetic acid and 10% 
(v/v) methanol for 15 min to remove the urea. The gel was then drained for a few 
minutes. Pansferred onto a sheet of Whatman 3MM paper, covered in cling film and 
dried under vacuum on a gel diier (model 1125B Bio-Rad) for 1 hour at 80°C. After 
drying, the gel was exposed directly onto Fuji X-ray film overnight at room 
temperature. Longer exposures were used as necessary. Following autoradiography 
it was usually possible to read 200-300 bases.
2 ,2 .2 1  A u tom ated  DNA sequencing
Automated sequencing was carried out on double spanded plasmid template using the 
Applied Biosystems Taq DyeDeoxy Terminator Cycle Sequencing Kit. The method 
employs random dideoxy chain termination, and each of the ddNTPs is tagged with a
different fluorescent dye, so that the terminated products can be distinguished by the 
wavelength emitted when exposed to u.v. All four termination reactions can therefore 
be carried out in the same tube. Terminated DNA fragments were resolved, and their 
incorporated fluorescent dideoxy temninators detected using the Applied Biosystems 
Automated Sequencer (model 373A). Sequencing primers were as used for manual 
sequencing (section 2.20.1).
2 . 2 . 2 1 . 1  D ouble stranded sequencing using the Taq  Dyedeoxy  
Term inator Cycle Sequencing Kit.
Plasmid template was prepared as described in section 2.2.9.2. Sequencing primer 
(-0 .3  pmol) was added to 1-2 pg template DNA and the volume made up to 10.5 pi 
with sterile water in a 500 pi PCR tube. Bulk sequencing reaction mix was made up 
according to requirement. For example, for 20 sequencing reactions, the following 
reagents were mixed: 80 pi 5 x Terminator Ammonium Cycle Sequencing (TACS) 
buffer (400 mM Tris-HCl, 10 mM M gCl2, 100 mM (NH4)2S0 4 , pH 9.0), 20 pi 
DyeDeoxy A Terminator and 20 pi of each of the other DyeDeoxy Terminators, 20 pi 
dNTP mix (750 pM  dITP, 150 pM  dATP, 150 pM  dTTP, 150 pM  dCTP), and 10 
pi A m pliTa^ DNA Polymerase (8 U /pl). A 9.5 pi aliquot of this mixture was 
dispensed into each template/primer solution and mixed. The mixtures were then 
overlaid with 40 pi mineral oil and the tubes placed in a Perkin Elmer Cetus thermal 
cycler (model 480), pre-heated to 96°C. Immediately after placing the tubes in the 
thermal cycler, thermal cycling was begun as follows: 96°C for 30 seconds, 50°C for 
15 seconds, 60°C for 4 minutes, and this cycle was repeated 25 times before cooling 
to 4“C.
The extension products were purified away from the unincorporated 
DyeDeoxy Terminators by phenol/chlorofomi extraction: sterile water (80 pi) was 
added to each sample, and the sample was removed from the mineral oil and 
transferred  to a fresh 1.5 ml E ppendorf tube. A 100 p i a liquot of
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phenol/water/chloroform (68:18:14, Applied Biosystems) was added and the mixture 
vortexed and centrifuged (12,000 rpm  in a microfuge) for 5 minutes. The lower 
organic phase was discarded and the aqueous phase was re-extracted with 
phenol/w ater/chloroform  (100 pi). The extension products were then ethanol 
precipitated by adding 10 pi 3 M  sodium acetate (pH 5.2) plus 250 pi absolute 
ethanol and incubating at-70°C  for 15 minutes. After centrifugation (in a microfuge) 
at 12,000 rpm for 15 minutes, the pellet was washed with 70% ethanol at -20°C and 
dried under vacuum. The DNA pellet was then resuspended in 4 pi of a mixture 
containing 5 p i deionised formamide plus 1 pi 50 mM EDTA, pH 8.0. When the gel 
was ready for loading, the samples were heated at 90°C for 2 minutes to denature, 
then transferred onto ice.
2 . 2 . 2 1 . 2  Gel electrophoresis and detection of extension products 
using the Autom ated Sequencer
A 6% polyacrylamide-urea gel was cast as follows: the u.v. transparent gel plates, 
spacers and comb (Applied Biosystems) were washed with Alkonox detergent and 
dried with non dye-containing tissues. The gel was cast using pre-made acrylamide 
solutions (National Diagnostics). Monomer solution (48 ml) was mixed with buffer 
reagent (12 ml). To this was added .48 ml 10% ammonium persulphate. The mixture 
was then poured and allowed to polymerise for 2 hours, after which the tape was 
removed and the outside of the gel plates cleaned thoroughly with Alkonox, The gel 
was then fitted into the ABI sequencing apparatus and the Plate Check program run 
to check that the plates were clean in the region read by the laser. The reservoirs were 
filled with 1 x TBE, and the sharkstooth comb (24 well) fitted. The gel was then pre­
run at 512 V for 5 min. The sample data were stored on a new sample sheet on the 
Macintosh, and the settings for automatic data collection and analysis were selected. 
Odd numbered samples were loaded first (after flushing the wells) and the samples 
electrophoresed at 512 V for 5 min. Even numbered samples were then loaded and
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2 . 2 . 2 2  A nalysis of sequence d a ta
Sequence data were stored using the Wisconsin GCG package (accessed via UNIX) 
and various programs such as MAP, BESTFIT, GAP and PILEUP were used in 
sequence analysis and comparison with known methylase sequences. Also GenEmbl 
databank searches such as FASTA and WORD were carried out with unknown 
sequences to establish which o f the sequences on the database best matched the 
sequence in question, and whether these matches were significant.
Li.
electrophoresis continued overnight. Printouts of analysed data were obtained, which 
show the profile of peaks for each fluorescently-tagged base together with the 
sequence. Up to 400 bases could be read without ambiguities on the automated 
sequencer.
"■1
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Chapter 3 Results
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3.1  Introduction
A number of different approaches were tried in order to achieve the aims of this 
project. However, the only approach that proved successful was the use of 
degenerate primers based on conserved amino acid motifs. These were used to 
amplify pea MTase-specific cDNA fragments by PCR (section 3.6). The 3" end of 
pea MTase cDNA was then cloned using a 3' RACE strategy (section 3.7). Each of 
the different approaches will be discussed in the following sections.
3 .2  Screening a pea cDNA library for MTase clones 
using a mouse MTase cDNA clone
The aim o f these experiments was to establish whether suitable hybridisation 
conditions could be found for library screening using probes derived from the mouse 
MTase cDNA clone (Bestor et aL, 1988), which was kindly provided by Timothy 
Bestor.
3 . 2 . 1  Probe selection
The mouse MTase cDNA clone (pMG) represents the entire cDNA except for the first 
20 nucleotides from the 5" UTR and the last 50 nucleotides from the 3 ' end. The 
cDNA is cloned into pBluescript SK+; the 5" end is cloned into an EcoRl site and the 
3" end is cloned into a Bglll/BainHl hybrid site. In the construction of the clone, the 
Sm al site of the vector has been duplicated so that the insert can be excised by 
digestion with Smal. The restriction map of the published full length cDNA is shown 
in figure 3.2.1.
At the time of this work, the mouse MTase nucleotide sequence had not yet 
been revised, so we were relying on the published nucleotide and amino acid 
sequence data for the selection of a suitable probe. According to the published MTase
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amino acid sequence, only two motifs had been identified that were conserved 
between mouse MTase and the prokaryotic MTases (motifs IX and X). The region of 
the cDNA specifying these motifs is contained within the ~1 kb EcoKl/Bglll fragment 
shown in figure 3.2.1. At the time, it was believed that this fragment contained only 
coding sequences. Later analysis of the revised amino acid sequence data on the 
GenEmbl database revealed that the published position of the stop codon (lying -30  
nucleotides downstream of the Bglll site) was wrong. The stop codon actually occurs 
-3 0  nucleotides downstream of the region specifying m otif X (see Fig. 3.2.1). 
Therefore a significant propoition of the probe used consisted of 3" UTR sequences. 
Had this been known at the time, an alternative segment of the mouse MTase cDNA 
would have been used as a probe.
Isolation of the 1 kb fragment was achieved firstly by digesting clone pMG 
with Sm al, which excises the insert in one piece (-5 .0  kb). The insert was then 
purified from LMP agarose by phenol/chlorofomi extraction and digested with EcoRJ 
to give two fragments of - 4  kb and -1  kb. The latter fragment was used as a probe in 
the hybridisation experiments described in this section.
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Figure 3.2.1 Physical map of the full length mouse M Tase 
cDNA, showing the fragm ent selected for 
hybridisation studies
PB HBXA (A)n
500 bp
conserved motifs
B
'2/3 vaiiable region 3 'UTR pBluescript
100 bp
Actual stop codon
Enzyme key : B, BamHV, Bg, C, C M ; H, //m cll; P, Pstl\ R, EcoRT; 
S, Sacl\ X, X hol
A. The published restriction map of the full length mouse MTase cDNA (adapted 
from Bestor et al., 1988).
B. The probe used for the experiments described in this section corresponds to 
the region between EccRI and Bglll at the 3 ' end of the cDNA and is approximately 1 
kb in length. The 3 ' B glll site is the one used to clone the 3" end of the cDNA into 
pBluescript II SK+ in the clone pMG (kind gift from Timothy Bestor). The probe 
sequence specifies approximately two thirds of the variable region, the conserved 
motifs (IX and X) and contains most of the 3 ' UTR. The position of the stop codon 
(after revision of the sequence) is indicated on the diagram.
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3 . 2 . 2  H ybridisation: theoretical considerations
The theoretical aspects of hybridisation are reviewed by Anderson and Young (1985) 
and Sambrook eta l. (1989).
The reversible melting temperature (T^J of perfectly matched DNA/DNA 
hybrids of length greater than 100 nucleotides is given by the following empirical 
equation (Bolton and McCarthy, 1962):
= 81.5“C + 16.6[log Na+] + 0.41(%G+C) -  0.63(% formamide) -  600/1 
where 1 = length of hybrid
This equation applies only to Na+ concentrations of between 0.01 and 0.4 M; the 
second-parameter can be omitted for Na+ concentrations > 0.4 M. Since hybridisation 
is carried out using 5 x SSPE or SSC (= 1 M Na+), the equation simplifies to:
= 81.5“C + 0.41 (%G+C) -  0.63(% formamide) -  600/1
And, since the average length of a labelled probe obtained from random nonamer- 
primed synthesis is 150 nucleotides and the average G+C content of eukaryotic DNA 
is 40%, the of perfectly-matched hybrids works out to be 94°C in the absence of 
formamide. Hybridisations are routinely carried out at 20-25°C below the theoretical 
(the makers of Hybond recommend 65°C). At this temperature the rate of 
hybridisation of perfectly-m atched hybrids is at a maximum. The final post­
hybridisation wash for completely homologous probes is as stringent as possible and 
is routinely 0.1 x SSC, 0.1% SDS, 0% formamide at 65°C.
W hen hybridisation is carried out between related sequences, the 
decreases by ~ r c  for every 1% mismatch (Bonner et al., 1973). If the two 
sequences share 75% identity, the will therefore be 69“C in the absence of 
formamide, and the appropriate hybridisation temperature will be between 44 and
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49“C, Homologies have been detected with as much as 35% mismatch at 50°C below
■a'the of the perfectly-matched hybrid (Howley et aL, 1979). Of course, the 
between mismatched hybrids will depend upon the distribution of the mismatches; 
empirical determination of appropriate hybridisation and washing conditions is f
usually necessary.
3 . 2 . 3  Screening pea genomic blots with part o f the mouse
M Tase cDNA
Because mammals and plants are distantly related eukaryotes, we were expecting low 
identities to exist at the nucleotide level between the mouse and pea MTase cDNAs; 
identities which may be too low for library screening. The fragment of the mouse 
MTase cDNA clone shown in Fig. 3.2.1 was selected for use as a probe because it 
was hoped to contain regions of sufficient identity with the pea MTase cDNA for 
library screening to be possible.
In an attempt to establish appropriate hybridisation conditions, a Southern 
blot of a series of E coR l digested samples of pea genomic DNA (10 pg) was 
prepared. The filter was probed cut into strips and probed with the 1 kb fragment of 
pMG (Fig. 3.2.1). The stringency of hybridisation and post-hybridisation washes 
was varied between each strip. The autoradiograph is shown in figure 3.2.2. It is 
clear that very low stringencies are necessary for any cross-hybridisation between the 
probe and pea genomic DNA. A signal was obtained at the lowest stringency (strip 
1), but little detectable signal was obtained when the stringency of hybridisation was 
increased to 10% formamide at 42“C (which should allow up to -25%  mismatch 
between hybrids). It is therefore highly likely that there is 30% or more mismatch 
between the region of the mouse MTase cDNA used as a probe and pea MTase 
sequences. The problems with probing at low stringency are that there are high levels 
of background hybridisation, which in this case has not been removed even by 
prolonged washing at stringencies which should allow no less than 37% mismatch
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between hybrids (in the case of strip 1). From the gel photograph, it appears that at 
least some of the hybridising bands in the pea genomic digest correspond to satellite 
sequences, and the strength of signal is largely a consequence of the amount of DNA 
present. W hether any of the hybridising bands correspond to MTase specific 
sequences is unclear. The control Southern blot (of mouse genomic DNA digested 
with EcoRI) shows that the sensitivity is sufficient to detect the homologous target, 
although non-specific hybridisation to satellite bands does not appear to have been 
removed completely by washing at moderate stringency.
A trial screening of a portion of the pea cDNA library in ^ g t l l  (section
2.1.5.1) was undertaken to assess whether it was feasible to screen the library with 
the cDNA clone. 35,000 plaques were plated on a 150 mm plate as described in 
section 2.2.10. Plaque lifts were performed in duplicate as described in 2.2.14.2, 
and the filters were probed with the EcoRI fragment of pMG at 4 2 X  in the absence 
of fonnamide. Initially, the final post-hybridisation wash was for 1 hour at 50°C in 2 
X SSC; however, the levels of background hybridisation were high. Background 
hybridisation was still high after washing at 55°C in 2 x SSC, and was only 
significantly reduced when the stringency of washing was increased to 1 x SSC at 
55°C, which was estimated to be too high for specific hybridisation.
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F igure 3.2 .2  Screening pea genomic Southern blots with a 
fragment of the mouse MTase cDNA
Six 10 pg samples of pea genomic DNA plus a 10 pg sample of mouse genomic DNA 
(both prepared according to section 2.2.12.1) were digested with EcoRl then resolved 
on a 0.8% agarose TBE gel (section 2.2.5), together with marker DNA (X DNA digested 
with Hindlll).
A. A picture of part of the gel showing 10 pg EcoR l digested pea genomic DNA 
(lane PE) and 10 pg EcoRl digested mouse genomic DNA (lane ME) and marker (lane 
M).
B. The gel was alkali blotted onto a Hybond N+ filter (section 2.2.14.1), and the 
filter cut into strips. Each strip was probed with the 1 kb fragment of the mouse MTase 
clone (pMG), which is shown in Fig. 3.2.1. (For details of probe labelling and 
hybridisation see sections 2.2.15.1 and 2.2.16.1). The filter strips were all hybridised at 
42°C in 5 X SSPE, but with different concentrations of formamide, as shown in the 
table. Post-hybridisation washes were carried out as described in section 2.2.16.1, 
except the stringency of the final post-hybridisation wash was reduced. The final washes 
(2 X 30 min), were at the temperatures and salt concentrations (x SSC) shown below the 
figure.
PE ME
B
3 4
strip no. 
1 
2
3
4
5
6
% formamide 
0 
0 
10 
10 
20 
50
wash temperature 
50"C 
55'C  
60“C 
65°C 
65“C 
65“C
X SSC 
2 
2 
2 
2 
1 
1
Strips 1-5 EcoRI digested pea genomic DNA (10 pg)
Strip 6 EcoRl digested mouse genomic DNA (10 pg)
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3 . 3 . 4  D iscu ss io n
It was decided on the basis of these results not to attempt library screening using this 
probe. If the mRNA would have been expected to be relatively highly represented in 
the library, this approach perhaps would have been valid. However, screening at low 
stringencies risks the isolation of false positives, especially if the genuine mRNA is 
poorly represented in the library. This is well illustrated by the work of Scheldt et al. 
(1994a) who isolated a number of Arabidopsis genomic clones by screening at low 
stringency with the same region of the mouse MTase cDNA as was used in the 
experiments described here. None of these clones, however, turned out to be 
convincing MTase candidates (the reasons for this will be described in more detail in 
the following section). When the nucleotide sequence of the analogous part of the pea 
MTase cDNA which was eventually cloned (see section 3.7) was compared to the 
region of the mouse MTase cDNA used as a probe in this experiment, it is clear that 
the approach described in this section had very little chance of success. When the 
sequences were aligned using GAP, the identity was 47% over the entire length of 
the sequences; the program BESTFIT gave an alignment over -270  bp (covering the 
conserved motifs IX and X) of 64% identity. So, even at best, the level of identity is 
at the very limit required for heterologous screening, and this is confined to less than 
one third of the probe length.
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3 . 3 . 1  Probe selection
It was decided on the basis of the map sent with the clone, that the best probes to use 
corresponded to the 1 kb and 0.9 kb fragments obtained upon double digestion of 
pGr with BamYil and Clal. This was because they contained minimum amounts of 
intronic sequences. Fig 3.3.1 shows a copy of the map sent with the clone, and the 
location of the probes used. Since the 1 kb and 0.9 kb fragments could not be 
resolved, they were used together as probes.
3.3  Screening a pea cDNA library for MTase clones
using a putative A r a b i d o p s i s  MTase genomic 
clone
This clone (kindly provided by Adolf Graessman) had been obtained by screening an 
Arabidopsis genomic library at low stringency with a 1 kb EcoRl fragment of the 
mouse MTase cDNA. (The same E coR l fragment was used as a probe in the 
experim ents described in the previous section (see Fig. 3.2.1).) The putative 
A rabidopsis  M Tase genomic clone provided (pGr) consisted o f a 7 kb E co R l 
fragment which contained conserved motifs (figure 3.3.1). There was no information 
about the sequences of the conserved motifs because this work had not yet been
published. However, it was assumed that this clone must be reasonably homologous |
to the mouse cDNA for it to have been isolated by library screening (see section 
3.2.2). It was therefore expected that the pea MTase cDNA would be closely related 
to regions of this genomic clone, which would make this clone a suitable probe for 
library screening.
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F igure 3.3.1 Linear map of a putative m ethylase genom ic clone
from  A rabidopsis  (pGr) show ing fragm ents used as 
probes
MCS
H E H— Hprobe 1
H Bg C B
 #
K H
probe 2
I MCSr
EB
1 kb
This is a copy of the restriction map provided with the clone. This clone consists of a 
7 kb EcoRl fragment, cloned into pBluescript II SK +, of the putative Arabidopsis 
MTase genomic clone (Clone 11). Clone 11 was isolated by heterologous screening 
with a fragment of mouse MTase cDNA as probe (Scheidt et aL, 1994a).
The restriction map is shown in the 5 Wo 3 ' direction of the coding strand. 
The positions of proposed exons (which contain putative conserved motifs) are 
indicated by boxes. A key to the restriction sites is as follows: E = EcoRI, H = 
Hindm,  B = BamHl, C = Clal, Bg = Bglll, K = Kpnl.
The two fragments obtained upon digestion with BamHl and Clal, are 
indicated below the map. These two fragments were used together as probes for all 
experiments described in this section.
102
3 . 3 . 2  Establishm ent of appropriate conditions for library
screen ing
The theoretical aspects of hybridisation are discussed in section 3.2.2. It was 
expected that the level of nucleotide sequence identity between the Arabidopsis 
MTase and pea MTase within the conserved regions would be high. If it is assumed 
that there is about 25% identity at the nucleotide level between the coding sequences 
of the A rabidopsis  genomic clone and the pea MTase cDNA, the appropriate 
temperature for hybridisation is about 50°C in the absence of formamide, and 
appropriate washing conditions are 1 x SSC at -60°C. This assumption has since 
turned out to be quite valid for the Arabidopsis cDNA clone isolated by Finnegan and 
Dennis (1993), which shares -75%  identity at the nucleotide level in the C-terminal 
domain with pea MTase.
With this in mind, a trial hybridisation experiment was carried out with 
Southern blots of pea genomic DNA. A series of 20 pg samples of pea genomic 
DNA (prepared aceording to section 2.2.12.1), were digested with //m d lll (section 
2.2.4). The probe used consisted of two fragments of approximately 1 kb in length 
each (see Fig. 3.3.1). These are treated as a single sequence of 2 kb in length in the 
following calculations. The hapioid genome size of Pisum sativum  (a diploid plant) 
is 5.0 pg or 4.8 x 10  ^bp (Rogers and Bendich, 1991). Thus, a single copy sequence 
of 2 kb in length would represent 1000/4.8 x 10  ^of the genome, or -8  pg in a 20 pg 
genomic digest. To test the sensitivity of the hybridisation, a control lane which 
consisted of undigested pGr plasmid (50 pg) was also included in the hybridisation 
experiment. Since the length of the insert plus vector is -10.7 kb, the amount of the 2 
kb fragment present would be -10  pg. The limit of sensitivity was also tested by 
including a lane with 5 pg undigested pGr, which should contain -1  pg of the 2 kb 
sequence. The pea genomic digests plus the control pGr samples were resolved on a 
0.8% agarose TBE gel (section 2.2.5), along with marker DNA (H indlll digest of X 
DNA). The gel was alkali blotted onto a Hybond N+ filter according to section
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2.2.14.1). The filler was then hybridised at 50°C in the absence of formamide 
according to section 2.2.16.1 with the pGr probes (Fig. 3.2.1), which were labelled 
to a specific activity of > 10^ dpm/pg (section 2.2.15.1). The filter was then washed 
twice in 2 X SSC, 0.1% SDS at room temperature. After this, the filter was cut into 
strips and the stringency of subsequent washes was varied between each strip. The 
strips were then autoradiographed for 2 days at -70°C with an intensifying screen. 
The autoradiograph and a picture of part of the agarose gel are shown in figure 3.3.2.
As can be seen from Fig. 3.3.2, the sensitivity of probing is sufficient to give 
a signal with 50 pg pGr ( i.e .-10 pg target sequence). There is also a very faint signal 
with 5 pg pGr. Because of reduced stringency of hybridisation and washing, 
individual bands are difficult to discern in the pea genomic digests due to background 
hybridisation. A high molecular weight band hybridised even at the highest 
stringency used. However, this was judged to be background hybridisation to a 
satellite band which is is visible on the gel. Apart from this band, the signal from the 
pea genomic digest on filter 3 was very weak, so the stringency of washing was 
judged to have been too high. In filter 2, there appears to be sufficient signal for 
specific hybridisation to the probe to have taken place. Individual bands can be 
observed within the smear. It is not clear whether these bands are due to the specific 
hybridisation to target sequence, or whether this is background hybridisation to 
satellite sequences. However, when the results of this experiment are compared to 
the results of probing pea genomic digests with part of the mouse MTase cDNA (see 
section 3.2), it is clear that a positive signal is obtained at much higher stringencies of 
hybridization with the pGr probe.
Since the intensity of the signal is much reduced in filter 3, it was decided to 
screen the library using a hybridisation temperature of 50“C with washes 
corresponding to those used for filter 2. This should enable detection of cDNA 
clones which share 75% identity (or more) with regions of the probe.
104
.......
Figure 3.3.2 Hybridisation of the pGr probe to Southern blots of 
pea genomic DNA
Samples of pea genomic DNA (20 jag) were digested with H indlll and resolved on a 
0.8% agarose TBE gel (A). The gel was alkali blotted to a Hybond N+ filter and the 
filter cut into strips (1-3) and probed with pGv BamYlllClal fragments (Fig. 3.3.1). 
The fragments (25 ng) were labelled by random prim ing (section 2,2.15.1). 
Hybridisation was carried out at 50°C in 5 ml hybridisation buffer (section 2.2.16.1), 
containing 5 x SSPE and no formamide. The strips were washed twice for 30 min in 
2 X SSC, 0.1% SDS at room temperature and individual strips were subject to 
additional washes of different stringencies. The autoradiograph is shown in B.
M PH
B
PH PH PH p5 p50
Strip 1. Final wash =1 x SSC, 0.1% SDS at 55°C;
2 .
3.
at 60"C
at 65“C
2 X 30 minute washes
Lane M Marker (10 |ig of //m dlll digested X DNA)
Lanes PH 20 |ig of pea genomic DNA digested with Hindlll
Lane P50 50 pg of pGr (undigested) diluted in carrier (X DNA, 2 ng/|il)
Lane P5 5 pg of pGr
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3 . 3 . 3  Screening a cDNA library with B a m H llC la l  fragments of
p G r
The library used in this experiment was the pea cDNA libraiy in X g tll (section
2.1.5.1). Although the tissue used to construct this library (5-day old pea shoot tips), 
contains a relatively high specific activity for MTase, the actual amount of MTase 
protein is low (Yesufu et a i ,  1991). Therefore it can be assumed that pea MTase 
mRNA(s) represent low abundance mRNAs. The number of cDNA clones needed to 
be screened to ensure that low-abundance types of mRNA (< 10  copies per cell) are 
represented in a clone bank is given by the following equation:
N  = ln ( l - P ) / l n  (1 -1 /M )
where N  = the number of clones required, P = the desired probability (usually 0.99), 
and l/n  = the fraction of the total mRNA population which the low-abundance 
mRNA types represent. Because the population of low-abundance mRNAs is not 
known for most plant cells, one can assume that in the mRNA population of interest 
there are about 10,000 unique low-abundance mRNAs, and that these represent about 
30% of the total mRNA population; thus, l/n  -  1/33,000 (Slightom and Quemada, 
1991). Therefore, the number of cDNA clones required to be screened to have a 99% 
probability of obtaining a single clone of a particular low abundance mRNA is 
-140,000. It was decided to screen three times as many clones to ensure a high 
probability of obtaining a MTase clone.
The library was titred and plated out onto six 150 mm plates at a density of 
70,000 plaques per plate (2.2.10). Duplicate plaque lifts were carried out and the 
DNA fixed to the filters as described in section 2.2.14.2. The filters were hybridised 
overnight at 50°C in 100 ml of hybridisation solution (section 2.2.16.1) with 50 ng 
of the probe (Fig. 3.3.1), which was labelled to a specific activity of > 10^ dpm/qg. 
The filters were washed in large volumes to ensure minimum background. The post­
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hybridisation washes were as described in section 2.2.16.1, except that the final 
post-hybridisation washes were at 60°C in 1 x SSC, 0.1% SDS (2 x 30 min 
washes).
From the initial screening, one strong positive signal and five weaker 
positives were identified upon autoradiography o f the filters. All of the positives 
hybridised on duplicate filters. Agar plugs conesponding to the approximate position 
of the hybridising plaques were removed from the plates and placed into 1 ml aliquots 
of SM buffer (section 2.2.10). The eluted phage were then plated out at a density of 
100-300 plaques per 90 mm plate, except for clone 15.1, which was plated out at a 
density of 1000 plaques on a 150 mm plate, because the agar plug taken was larger. 
Duplicate plaque lifts were taken from the plates and were screened with the same 
probe. The stringency of hybridisation of the secondary screening was increased to 
55°C, and the final post-hybridisation wash was with 1 x SSC at 60°C. O f the 6 
clones, 3 still gave a strong signal upon secondary screening. These were called
15.1, 11.1 and 16.2. Clone 15.1 gave the strongest signal in the secondary 
screening. An autoradiograph of the secondary screening of clone 15.1 is shown in 
figure 3.3.3.
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Figure 3.3.3 An example of positive clones obtained upon
secondary screening with pGr
The positive clones which were obtained upon primary screening of the library with 
the BamHMClal fragments of pGr (Fig. 3.3.1), were picked and plated out at a 
density of 100-300 plaques per 90 mm plate according to section 2.2.10. (clone 15.1 
was plated out at a density o f -1000  plaques on a 150 mm plate, because a larger 
plug was picked).
Plaque lifts were perfomied in duplicate as described in section 2.2.14.2. The 
filters were then hybridised in the absence of formamide and at 55°<C (section
2.2.16.1) with the same probe as was used for library screening. (The probe was 
labelled by random priming, section 2.2.2.15.1.) The final post-hybridisation was 
was in 1 x SSC at 60°C. Of the six clones identified in the primary screening, three 
still hybridised strongly after secondary screening. An autoradiograph of the 
secondary screen of clone ?i5.1 (which was the most strongly hybridising clone) is 
shown below. All the positives hybridised on duplicate filters. (The faint spots at the 
edge of the filter are radioactive ink).
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W ell isolated positive plaques were picked and plated out for tertiary 
screening, which was carried out under the same conditions as used for secondary 
screening. One of the duplicate filters was hybridised at 60°C and washed at 1 x SSC 
at 65°C. Clone A-5.1 still gave a strong signal at this stringency, whereas the strength 
of the signal from the other two clones was reduced. W ell isolated positive plaques 
were picked and used to make X DNA. Small scale preparations of X DNA were 
made from liquid lysates using the Promega Magic Lambda Prep columns (section 
2 .2 .11). Aliquots containing 10 qg X DNA were digested with EcoRI to excise the 
inserts. Aliquots of each digest (1 qg) were resolved on a 1% TAB gel, which was 
then blotted and probed with the same probe and using the same conditions as in the 
secondary screening. A picture of the agarose gel and the autoradiograph is shown in 
figure 3.3.4. Each X clone gave rise to more than one insert upon digestion with 
EcoRI. These inserts are either independently cloned fragments or are due to the 
presence of BcoRI sites within one cloned fragment. Only one insert-derived 
fragment from each clone was found to hybridise to the probe. Although this does 
not prove that the other non-hybridising fragments are not contiguous to the 
hybridising fragments, it was decided to concentrate on the hybridising fragments for 
further analysis. The signal obtained with the hybridising fragments from clones 
XI . I  and X6.2 was weaker than that obtained for clone 15.1, despite the fact that 
these fragments are approximately three times the size of the fragment from clone
15.1. This could either be because the degree of overlap between the probe and these 
fragments is less for these fragments, or because the probe is less homologous in 
these regions.
>
109
Figure 3.3.4 Analysis of the positive 1 clones obtained upon 
library screening
Single, well isolated plaques which were obtained upon tertiary screening were used to 
prepare X DNA according to section 2.2.11. The DNA was digested with E coR l to 
excise the inserts. An aliquot of each digest (1 qg) was resolved on a 1% agarose TAB 
gel (section 2.2.5). The gel was alkali blotted onto a Hybond N+ filter (section
2.2.14.1). The filter was hybridised in 5 ml hybridisation buffer with the same probe 
and using the same conditions as described in Fig. 3.3.3. The stringency of the post­
hybridisation washes was also the same as in Fig. 3.3.3.
The agarose gel is shown in A, and an autoradiograph of the filter is shown in B. One 
insert-derived fragment from each X clone was shown to hybridise to the probe. The 
sizes of the hybridising fragments were -900  bp for clones 11.1 and 1 6.2, and -320  bp 
for clone 15.1.
M1 M2
0.9  0 .3 2  0 .9  kb
Lane 1. EcoRI digest of clone 11.1
2 . " 15.1
3 . " 16.2
4. Marker 1 (Hindlll digest of IDNA)
5. Marker 2 (100 bp ladder)
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The remainder of the EcoRI digests of the X clones described above were resolved on 
a LMP agarose gel. Each of the insert fragments were excised from the gel. The DNA 
was purified from the gel slices by phenol extraction (section 2 .2 .6 ), and the 
fragments cloned into the EcoRI site of pBluescript II KS+, as described in section 
2.2.7. The plasmid clones were numbered as follows; for example, the insert-derived 
fragments of clone 11.1  were designated 1 1 . la  and 1 1 . lb  (1 1 . la  being the largest). 
Accordingly, the plasm id clones were called p i . l a  and p i . lb  respectively. Each 
plasmid clone was digested with EcoRI and resolved on a 1% TAE gel. To ensure 
that the correct fragments (i.e. the hybridising fragments) were used for subsequent 
analyses, the gel was blotted and probed with the same probe used in the previous
■if,experiments.
3 . 3 . 4  Northern analysis with the positive clones obtained from
library screening with pGr
To test whether the three fragments which hybridised with the pGr probe derived 
from the same mRNA, northern blots of 25 qg total RNA (prepared from 4 day old 
pea shoot tips according to section 2.2.13.1 were probed at high stringency with the 
inserts from each of the plasmid clones (p i.la , p5.1c and p6.2a). Only one clone 
(p i. la )  gave a signal; this is shown in Fig. 3.3.5. A single band of very high 
molecular weight (> 1 0  kb) hybridised. This would represent an unusually large 
mRNA, and it was therefore hypothesised that this fragment corresponded to an 
intronic sequence from an abundantly expressed gene, and that the band which 
hybridised represented hnRNA. Though hiiRNA is unstable, the steady state levels 
o f the unspliced version of a highly expressed mRNA could be sufficient to be 
detected in a northern blot, and to be represented in a cDNA library. It can also be 
seen in Fig. 3.5.5 that there is a smear of hybridised material extending from about 3 
kb downwards. This is not due to non-specific hybridisation, since the blot was 
washed at high stringency, and the ribosomal RNA bands do not hybridise. Neither $
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does it appear to be due to general RNA degradation, as the hybridising band appears 
undegraded. The smear could therefore represent degradation of the intron once it has 
been spliced out of the mRNA.
The other clones (p5.1c and p6.2a) were next hybridised to northern blots of 
5 qg poly(A)+ RNA, which was prepared from 4 day old pea shoot tips according to 
sectiort 2.2.13.2. As controls, samples of the EcoRI digested plasmid clones were 
diluted so that they contained 0,1 pg, 1 pg 10 pg of the insert. The samples were 
resolved on a 1% agarose gel, which was capillary blotted and fixed in the same 
manner as the northern blots (section 2.2.14.3). The filter was cut in half and the 
appropriate half was included in each hybridisation. After hybridisation, the filters 
were exposed for 5 days on a phosphoimager plate. Still, neither clone p5.1c or 
p6.2a gave a positive signal on the northern blot, even though the probes were able to 
detect 0.1 pg of the target sequence. These fragments could be derived from mRNAs 
which are expressed in the tissue used|construction of the cDNA library (i.e etiolated 
5 day old pea shoot tips), and not in the tissue used for northern analysis (4-day old 
pea shoot tips grown under continuous illumination).
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Figure 3.5.5 Results of northern analysis with the subcloned X
fragm ents
■28 S 
■ 1 8 S
Samples of total RNA (25 qg) from 4 day old pea shoot tips (prepared according to 
section 2.2.13.1) were resolved by denaturing agarose gel electrophoresis (section 
2.2.13.3), along with RNA size-markers (Gibco BRL). A portion of the gel 
containing the markers and one of the total RNA samples was removed and stained 
with ethidium bromide (A). The remainder of the gel was then blotted onto a Hybond 
N+ filter (2.2.14.3), which was then cut into strips. Each strip was probed at high 
stringency (section 2.2.16.2) with the insert from each plasmid clone (pi. la,  p5.1c, 
p6.2a; section 3.3.3). Only one of these clones (clone pi . la)  gave a positive signal 
on the northern blot (B). The positions of the 28 S and 18 S ribosomal subunits are 
indicated by arrows.
Lane M RNA size-markers (Gibco BRL)
Lanes R pea total RNA (25 qg)
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3 . 3 . 5  Sequence analysis of the subcloned X  fragments
The plasmid clones selected for sequencing were p i.5c and p i.la . Although from the 
results of northern analysis, neither appeared to derive from a MTase mRNA, it was 
necessary to confirm this in the case of clone p i . la ,  and since clone p5.1c gave a 
strong signal when probed with part of the insert of pGr, it was of interest to 
sequence this clone.
High quality plasmid DNA was prepared for each of the clones as described 
in section 2.2.9.2. Automated sequencing (section 2.2,21) was carried out using 
M13 Universal (-20) and Reverse primers (Fig. 2.2.2). The whole of the insert from 
clone p5.1c was sequenced, whereas -300  bp from either end of clone p i . l a  were 
sequenced. Each of the clones was found to contain stop codons in each frame. For 
clone p i. la ,  this is consistent with the hypothesis that the fragment corresponds to an 
inti'onic sequence.
A FASTA search of both the ends of p i . la  (and their reverse complements) 
was carried out. However, no discernible pattern of matches could be identified with 
this clone. This was repeated with both strands of clone p5.1c; again, no discernible 
pattern of matches were obtained. A FASTA search of the SwissProt database was 
then carried out with the translated sequence of clone 5.I.e. The translation in frame a 
was used because this contained only one stop codon; whereas the other five frames 
contained at least five stop codons. The best match was obtained with mouse MTase, 
and was over a short sequence of amino acids close to the C-terminus. However, it 
was later discovered that this sequence in the mouse MTase cDNA actually belonged 
to the 3 ' untranslated region, because of the incorrect assignment of the stop codon 
(see section 3.1). The sequences of clones p5.1c and p i . l a  were then compared to 
the sequence of the Arabidopsis putative MTase genomic clone (which was used for 
library screening), when it became available on the database.
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3 .3 .6  Sequence co m parison  of clones p i . l a  an d  p S .lc  w ith  the
pu ta tiv e  A ra b id o p sis  M T ase genom ic clone
The nucleotide sequence of both strands of clone 5.1a were compared with the 
A rabidopsis  genomic clone, using the program BESTFIT. The best match was 
identified with the strand which was translated and used in the FASTA SwissProt 
database search described in the previous section. The region of this match 
corresponded to the first B am H l/C la l fragment of the pGr clone (probe 2; Fig.
3.3.1). This match is shown in figure 3.3.6, and covers a repeating GGTTT motif. 
This motif was also identified in the mouse MTase cDNA sequence (also shown in 
Fig. 3.3.6), and corresponds to the amino acid sequence which was previously 
found to match in the SwissProt database search with p5.1c. The published map of 
the Arabidopsis MTase gene (clone 11) (Scheldt et al., 1994a) is very large (-12,000 
kb), and shows the conserved motifs to be dispersed throughout the gene in a 
complicated arrangement of introns and exons (which is unusual for Arabidopsis). 
The gene itself was shown to hybridise with a mRNA of 2.2 kb, and so the putative 
MTase was proposed to lack an N-terminal domain. Only two of the conserved 
m otifs were shown in the paper (motifs I and IV), and I was unable to 
unambiguously identify the others in the appropriate regions. Furthermore, there 
were several discrepancies between^published map and the map provided with the 
subcloned EcoRI fragment of clone 11 (pGr), with respect to the arrangement of the 
exons and the restriction sites. As mentioned in the introduction (section 1.5.3), this 
paper was retracted (Scheldt et al., 1994b) because of falsification of sequence data 
for motif I by the first author. Aside from motif IV, the other conserved motifs must 
have been identified on the basis of very relaxed criteria. Sequence comparison 
between this genomic clone and the EcoRI fragment of the mouse MTase cDNA (see 
Fig. 3.2.1), which was used for genomic library screening (Scheldt et al., 1994) 
revealed veiy little homology, except for within the repeating GGTTT motif (see Fig. 
3.3.6). This genomic clone has probably been selected on the basis of this short
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region of identity alone. This sequence is absent from the human MTase cDNA (Yen 
et al., 1992), the Arabidopsis MTase cDNA (Finnegan et al., 1993) and the pea 
MTase cDNA which was eventually cloned (section 3.7).
A 1.8 kb cDNA has been cloned which corresponds to the putative 
Arabidopsis  MTase genomic clone. This cDNA con’esponds to only part of the 
proposed gene (extending approximately from the EcoRl site to the first H indlll site 
of pGr in the 5 ' to 3 ' direction), and overlaps the region corresponding to probe 1 but 
not probe 2 (Fig. 3.3.1). There are also sequence discrepancies between the cDNA 
and the gene, such that sequences present in the cDNA are not present in the gene 
(Nebendahl and Baumlein, 1995). The function of this cDNA is unknown; it does 
contain the sequence ENV (of motif VI), but this hardly makes it a MTase cDNA. 
The predicted protein is very rich in lysine and glutamic acid residues. Like the 
MTase mRNA, this mRNA is expressed in young seedlings, but unlike MTase, the 
expression levels are much higher in the stem than in the shoot tip (A. Nebendahl, 
personal com munication). N either clone p5.1c or p i . l a  have any significant 
homology with this cDNA; it has been shown that p5.1c corresponds to a region of 
the genomic clone that lies outside the region specifying this mRNA (probe 2; Fig.
3.3.1), whose function is unknown. Clone p i . l a  does not seem to be particularly 
homologous in the regions sequenced to probe 2 either. However, it appears that the 
sequence data from the genomic clone is not to be trusted.
A FASTA search was carried out with the repeating motif of clone p5.1c and 
the best score was obtained with the putative Arabidopsis genomic clone and a high 
score was also obtained with the mouse MTase cDNA. High scores were also 
identified with the 3 ' UTRs of various eukaryotic cDNAs which is not surprising 
since they are generally GT rich. Notably, an Arabidopsis cDNA clone obtained 
using expressed sequence tagging (EST), whose function is unknown, also contains 
this repeat. It is not clear whether clone p5.1c corresponds to an mRNA or not, since 
no band was shown to hybridise with pea poly(A)+ RNA, However, it could 
correspond to an mRNA specific to the material used for construction of the cDNA
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library (i.e. shoot tips of etiolated pea seedlings).
3 .3 .7  S um m ary
No MTase cDNA clones were obtained from library screening with fragments of 
pGr. This is not surprising, considering that this genomic clone almost certainly does 
not encode a MTase, and has probably been cloned on the basis of a repeating 
GGTTT motif, which is present in the 3 ' UTR of the mouse MTase cDNA. This 
same sequence was also responsible for the selection of p5.1c described in this 
section. This sequence occurs in the 3 ' UTRs of some plant and mammalian 
mRNAs, but the significance of this is unclear.
It was also shown that this sequence is capable of fonning stable hybrids at 
relatively high stringency (hybridisation at 60°C; final wash at 65°C, 1 x SSC). This 
illustrates the importance of not including 3 ' UTR sequences in a probe, because of 
the unpredictable nature of cross-hybridisation with sequences within this region.
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Figure 3.3.6 Sequence hom ology between p S .lc  and the putative  
A rabidopsis  M Tase genomic clone and the mouse 
M Tase cDNA
The sequences were aligned using the programs, BESTFIT and GAP; homology was 
shown to be restricted to the repeating motif GGTTT. This was also shown to be the 
case when the putative Arabidopsis MTase genomic clone was compared with the 
mouse MTase cDNA. Therefore, this genomic clone was probably selected on the 
basis of this region of homology alone. The BESTFIT alignments are shown below.
A. Clone 5. l.c x putative Arabidopsis MTase genomic clone
4 7  TCAGTTTCTCGGTTTGGTTTGGTTTGGTTTGGTTTGAACTT 87I I 111 I IIIIIIIIIIIMIIIIIIIIIIIIII II
9 1 6 1  TGAATTTCCTGGTTTGGTTTGGTTTGGTTTGGTTTGAGTTT 92  01
B . Clone 5.1c x mouse MTase cDNA
5 1  TTTCTCGGTTTGGTTTGGTTTGGTTTGGTTTGAACTTTATCC 92III I llllllllllllllllllllllll null4 9 0 7  TTTTTTTGTTTGGTTTGGTTTGGTTTGGTTTTTTTCTTATCC 4 9 4 8
C . Arabidopsis putative MTase genomic clone x mouse MTase cDNA 
9 1 6 5  TTTCCTGGTTTGGTTTGGTTTGGTTTGGTTT 9 1 9 5III I llllllllllllllllllllllll
4 9 0 7  TTTTTTTGTTTGGTTTGGTTTGGTTTGGTTT 4 9 3 7
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3 .4  Screening pea DNA methyltransferases with
antibodies
The aim of these experiments was to assess the potential use of polyclonal antibodies 
(already present in the lab) for screening a pea expression library (section 2.1.5.1) 
for MTase clones. The antibodies used (antibodies 156 and 157) had been raised 
against synthetic peptides corresponding to conserved sequences derived from a 
consideration of the mouse MTase cDNA clone (Bestor et al., 1988). The revised 
sequence (section. 1.5.2) had been referred to in the design of these peptides. Figure
3.4.1 shows the peptide sequences used, which correspond to the catalytic motif IV 
and to motif X (sections 1.4.1 and 1.4.2).
3 . 4 . 1  Antibody detection procedure
Samples of partially purified pea methylase were kindly provided by Claire Houlston. 
Both crude nuclear extracts (E l) and the peak fraction from the Q-Sepharose column 
(Yesufu et al., 1991, Houlston et al., 1993) were resolved by SDS PAGE (section
2.2.2.1) in duplicate. The duplicate halves of the gel were either silver stained 
(section 2.2.2.2) or western blotted (section 2.2.2.3) and probed by either antibody 
156 or 157 according to the method described in section 2.2.2.4. As a control, 
samples of mouse methylase purified from ascites nuclear extract (Adams et al., 
1986), which was kindly provided by Roger Adams) were also run on the gels to test 
the effectiveness of the antibodies in reacting to the peptide sequence when it is 
within a protein. The results of screening with antibody 156 are shown in figure 
3.4.2.
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Figure 3.4.1 Sequence of the synthetic peptides to which  
antibodies 156 and 157 had been raised
a) The mouse MTase peptide sequences corresponding to parts of motifs IV and
IX, used for raising antibodies 156 and 157 respectively.
h) The prokaryotic consensus (Posfai et al., 1989), showing alternative amino
acids at each position present in the 13 prokaryotic type II cytosine-C5 MTases which 
were known about at the time (the alternative amino acids are placed in order of 
frequency of occurrence where possible).
c) The amino acids which remain absolutely conserved to date with the addition
of many more prokaryotic sequences to the list (Kumar et a i,  1994).
As can be seen from the diagram, there is better agreement between the mouse 
peptide sequence con’esponding to motif IV and the original prokaryotic consensus, 
than there is for the peptide sequence corresponding to motif X. This still applies to 
the present date (data not shown).
156 peptide sequence
L C G G P P C Q G F S
L C . G  G F P C Q G F S  
I  L A  . P  . . P P W .
V I S  
. V  .
. M .
. T .
A
S
T
157 peptide sequence
D R H R Q V G N A V
Q Q Y K Q I G N S V  
D L . R  M A  . . A  I
Q E F  ,
. . L .
. . M .
K A  
S G 
. M 
. K 
. S
P C G N
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Figure 3.4.2 Antibody cross-reactivity of pea DNA m ethylase 
extracts
The cross-reaction profiles o f antibody 156 against partially purified pea methylase 
fractions and partially purified mouse methylase, resolved by SDS PAGE. The silver- 
stained gels are marked S and the western blots are marked W. The molecular weights of 
cross-reacting bands are expressed in kDa.
Lanes M Protein molecular weight standards
Lanes E l Crude salt extract of pea nuclei (Yesufu et al., 1991; Houlston et al.,
1993)
Lanes Q E l that has been treated with heparin Sepharose then fractionated on a
Q-Sepharose column. Pooled fractions from the methylase activity 
peak were used (Houlston et al., 1993).
Lanes MU Partially purified mouse methylase (91.15 AS supernatant; Adams et
al., 1986)
M El Q El Q M Mu
-2 0 0
\
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3 . 4 . 2  D iscu ss io n
As can be seen in figure 3.4.2, a number of bands in both crude nuclear extracts and 
the Q-Sepharose fractionated activity peaks cross-reacted with antibody 156.
Antibody 156 reacted with partially purified mouse methylase. The most 
strongly reacting band was a 130 kDa band (the native MTase protein has a molecular 
weight of 190 kDa and smaller species are due to N-terminal proteolysis).
Bands of 130 kDa and 100 kDa present in E l of pea methylase cross-react 
with antibodies 156. The most strongly reacting bands were a band of 92 kDa in E l 
and in Q, and a band of 84 kDa in Q. These two bands appear to correlate with 
methylase activity along the Q-Sepharose elution profile (C. E. Houlston, MSc. 
thesis) but this assignment is entirely speculative due to the sheer number of bands 
present. Other bands of lower molecular weight cross-react with antibody 156 in both 
the partially purified mouse methylase sample and the E l  and Q fractions of pea 
methylase. Antibody 157 cross-reacted with many more bands in both partially 
purified mouse methylase and E l and Q fractions of pea methylase, which indicates 
that this antibody is not particularly specific (results not shown).
Taken together, these results are hard to interpret. This work has been 
problematic because of the difficulties associated with plant DNA methyltransferase 
purification, the pea methylase being much more difficult to extract than the mouse 
enzyme. Though high specific activities are obtained, the amount of pea methylase 
protein relative to other contaminating proteins is much less in comparison to the 
mouse m ethylase extracts. In addition, the pea m ethylase (like other plant 
methyltransferases) is much more susceptible to N-terminal proteolysis during 
extraction than the mammalian MTases, and so the methylase protein cannot be 
assigned unambigously to any particular band.
Both antibodies reacted with the 130 kDa band of partially purified mouse 
MTase. However, the strength of the signal was not particularly strong, relative to 
that of smaller contam inating bands in this fraction, which indicates that the
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antibodies have neither a high titre nor are particularly specific (this is especially the 
case with antibody 157).
It was decided on the basis of these results not to go ahead with the 
expression library screening. This was firstly because o f the non-specific cross­
reactivities of the antibodies which would obviously be problem atic in library 
screening. Secondly, the signal obtained for the mouse m ethylase was not 
particularly high, relative to the amount of protein present. Because high titi'e 
antibodies are recommended for use with the library by the manufacturers, antibodies 
156 and 157 were not considered suitable.
The subsequent cloning of the 3 ' end of a pea MTase cDNA (section 3.7), 
has shown that the predicted amino acid sequence of pea MTase differs by two amino 
acids from each of the synthetic peptide sequences corresponding to mouse motifs IV 
and VI. The effect this may have had on the reactivity of the antibodies 156 and 157 
to pea MTase proteins is unknown.
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3 .5  Screening a pea cDNA library for MTase clones
using degenerate oligonucleotides
The aim of these experiments was to isolate MTase specific clones from the pea 
cDNA library (in Ig t  11, section 2.1.5.1) by virtue of their hybridisation to two 
separate pools of degenerate oligonucleotides designed according to conserved amino 
acid motif IV of mouse MTase (section 1.5.2).
3 . 5 . 1  O ligonucleotide design
There are two different approaches to library screening using degenerate 
oligonucleotides, as described by Sambrook et a l ,  1989. The first is to use pools of 
short oligonucleotides whose sequences are highly degenerate, and the second is to 
use pools of longer oligonucleotides of lesser degeneracy (or "guessmers"). The 
former was the method of choice because less amino acid sequence data is required 
and also because all possible combinations of codon use can be represented. When 
longer oligonucleotides are used (> 20 nucleotides), the degeneracy has to be kept to 
a minimum because the effect of mismatches on the melting temperature becomes 
progressively less significant, and thus each member of the degenerate pool has a 
greater range of sequences it can hybridise with. It is possible to minimise 
degeneracy through consultation of codon preference tables; however this does not 
guai’antee that the correct codons have been chosen.
At the time this work was carried out, the only eukaryotic MTase cDNA that 
had been cloned was that of mouse (Bestor et a l,  1988). We had also by then access 
to the revised amino acid sequence (Bestor, personal communication), which 
contained most of the conserved amino acid motifs (section 1.5.2). The MTase motif 
selected for oligonucleotide design was motif IV, since this is the catalytic motif and, 
hopefully, the best conserved between mammals and plants. In designing the 
oligonucleotides, it was not possible to allow alternative amino acids present in
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prokaryotic MTases, as this would have made the degeneracy too high and would 
result in an unacceptably high number of false positives. The design of the 
oligonucleotides (oligos 1015 and 1017) and the corresponding amino acid sequence 
is shown in figure 3.5.1. Oligo 1017 is a 17-mer of degeneracy 256 which was 
intended for prelim inary screening of the library. The reasoning behind 
oligonucleotide design was as follows:
The complexity (C) of a typical mammalian cDNA library is ~1 x 10^ bp and 
the probability (P) of a sequence of length L occurring by chance is given by the 
equation:
P = (%)L X 2C
where x is the chance of a particular nucleotide occurring at any position.
If the distribution of bases is random, the value of x is 0.25 and therefore the 
probability of a particular 17-mer occurring by chance in a mammalian cDNA library 
is -1/900. However, the distribution of bases in coding sequences is non-random 
and empirical testing reveals that x is closer to 0.283 (Lathe, 1985). This is because 
of the redundancy of the genetic code that gives a better than 46% chance of correct 
selection of the third position in the codon, without consideration of codon utilisation 
tables (this figure takes into account the variability at all positions for Leu, Ser and 
Arg codons). This brings the value of P up to 1/104 for a 17-mer.
The 17-mer designed for library screening (oligo 1017) has a degeneracy of 
256, which brings the value of P up to 2.4 for a mammalian cDNA library. It was 
assumed that the complexity of the pea cDNA library (made from 5 day old pea shoot 
tips) would be roughly similar. For example, a human fibroblast cell contains 12,000 
different mRNAs (Sambrook et a i ,  1989), and the number of different mRNAs in 
tobacco ceils has been quoted by Slightom and Quemada (1991) to be 25,000, about 
6000 of which are unique to each organ (leaf, stem, root etc.). Therefore, in theory, 
only five fortuitous matches were expected at the most. However, the number of 
positive clones obtained upon screening with oligo 1017 cannot be predicted 
statistically; if there happens to be a chance match with a well represented cDNA
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clone, the number of positives will be much greater. It was therefore intended to re­
screen positives (obtained upon screening with oligo 1017) with a second degenerate 
oligonucleotide (oligo 1015). This oligo is shorter (a 14-mer) and has a degeneracy 
of 256, and so the P value works out to b e -100. Thus oligo 1015 is only suitable 
for screening a subset of clones identified by screening with oligo 1017.
Figure 3.5.1 D esign of degenerate oligonucleotide pools for 
library screening
L C G G P P C Q G F S
5 '  TTN TGT GGN GGN CCN CCN TGT CAA GGN T T T  ACN 3 '|c C I I C G  C t g |
Oligo 1015 (14-mer) Oligo 1017 (17-mer)
The figure shows the predicted amino acid sequence of motif IV of mouse MTase 
(B estor et a l ,  1988), after revision o f sequence data (Bestor, personal 
communication). Underneath is the nucleotide sequence coding for this motif, 
showing all positions of degeneracy. The regions corresponding to degenerate 
oligonucleotides 1015 and 1017 are indicated below.
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3 . 5 . 2  Library screening with oligo 1017
Because individual members of a pool of degenerate oligonucleotides will vary 
widely in their (G+C) content, so will their melting temperatures. For this reason, 
hybridisation was carried out in the presence of the quaternary alkylammonium salt, 
tétraméthylammonium chloride (TMACl), instead of sodium chloride. (Jacobs et a l,
1988). In the presence of TMACl, the of a hybrid is independent of base 
composition, and is dependent primarily on its length. The use of TMACl therefore 
allows hybridisation to be carried out at temperatures which discriminate against 
mismatched hybrids. The recommended hybridisation temperature (at ~5°C below the 
T; (or irreversible melting temperature) for a 17-mer is 48-50 '’C in 3 M TMACl 
(Sambrook et a i ,  1989). Hybridisation using degenerate oligonucleotides also 
requires high concentrations of probe (0 .1- 1.0 pmol/ml) and long hybridisation 
times (proportional to the degeneracy of the probe). This is because the effective 
concentration of the.probe is inversely proportional to its degeneracy.
The degree of representation of MTase clones in the Xgtl 1 library is difficult 
to estimate. The library was constmcted from poly(A)+ mRNA from etiolated 5-day 
old pea shoot apices. 5 day old shoot apices show peak MTase specific activity 
(Yesufu et aL, 1991). However, the levels of presumptive MTase protein are low, 
which is presumably reflected in the steady-state levels of MTase mRNA. In 
addition, the library is amplified, which will lead to even less representation of rare 
mRNAs. However, as a preliminary experiment, it was decided to screen -200,000 
clones with oligo 1017.
The library was plated out onto 7 x 150 mm plates (section 2.2.10), at a 
density of 30,000 plaques per plate. Plaque lifts were performed in duplicate as 
described in section 2.2.14.2. Oligo 1017 was end-labelled to high specific activity 
(-10^ dpm/qg), as described in section 2.2.15.2. The filters were hybridised at 49“C 
in 25 ml hybridisation buffer in a sealed plastic bag. The hybridisation buffer 
contained 3.0 M TMACl and 20 pmol end-labelled oligo 1017; the other components
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of the prehybridisation and hybridisation buffers are listed in section 2.2.16.2. 
Because of the degeneracy of oligo 1017, hybridisation was carried out for 6 days. 
Post hybridisation washes were carried out as described in section 2.2.16.2. The 
final wash was carried out in a solution containing 3.0 M TMACl at 49“C.
3 . 5 . 3  Results o f screening with oligo 1017
An autoradiograph of one of the filters is shown in figure 3.5.2. The faint positives 
obtained also hybridised on the duplicate filter. The positives are faint because the 
signal is expected to be 1/256 (or less) the signal obtained with a unique oligo. There 
is also a low level of non-specific hybridisation.
Library screening with oligo 1017 yielded many more positives than 
anticipated and an average of -5 0  clones per 150 mm plate (i.e. 30,000 clones) 
hybridised. This is probably because of a chance match between one or more highly 
represented cDNA clones. In retrospect, it would have been better to have used a 
longer degenerate oligonucleotide as the concomitant increase in degeneracy is offset 
by the increase in length. Oiigos of up to 19 nucleotides in length show good 
discrimination between perfectly matched and mismatched hybrids (Sambrook et a l ,
1989).
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Figure 3.5.2 Results of screening the pea cDNA library with 
oligo 1017
The figure shows an autoradiograph of one of the filters screened with the degenerate 
oligonucleotide, 1017 (Fig. 3.5.1). 200,000 clones from the pea cDNA library in 
Àgtl l  were plated out at a density o f 30,000 per 150 mm plate (section 2.2.10). 
Plaque lifts were performed using Hybond N+ filters as described in section 
2.2.14.1, and the library screened with end-labelled oligo 1017 (Fig. 3.5.1) in 
hybridisation buffer containing 3.0 M TMACl (section 2.2.16.2)
Approximately 50 positive clones per plate were identified, one of which is 
indicated with an arrow. The large spots on the edge of the filter are radioactive ink.
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3 . 5 . 4  Cross-screening of the library with oligo 1015
The anticipated number of clones expected upon hybridisation with oligo 1015 were 
much greater than with oligo 1017. However, the filters used in the previous 
experim ent were stripped by w ashing with 0.5% SDS at 55°C for 1 h, 
autoradiographed to check whether all the probe had been removed, and then 
screened with oligo 1015. H ybridisation was carried out using the same 
hybridisation protocol as described for oligo 1017 but w ith the following 
modifications: 5 x SSPE (section 2.1.3) was used instead of 3.0 M TMACl, because 
the reduction in the range of melting temperatures when TMACl is used instead of 
sodium salts is much less for 14-mers (Jacobs et a l ,  1988). Hybridisation was 
carried out at 40°C; the temperature of hybridisation was selected to be 2°C less than 
the calculated of the most AT rich species, as recommended by Sambrook et al. 
(1989); the calculation = 4(G+C) + 2(A+T) °C holds well for oiigos less than 18 
nueieotides in length. The final post-hybridisation wash was carried out at 40°C in 
hybridisation buffer without the blocking agents for 5 min. However, high levels of 
background hybridisation were obtained, which made detection of individual positive 
clones very difficult (results not shown). It was anticipated from the outset of these 
experiments that empirical testing of appropriate hybridisation temperatures was 
necessary for oligo 1015. This is possible when only a small subset of clones are to 
be screened, but is not really feasible with the large numbers of positive clones which 
hybridised to oligo 1017.
3 . 5 . 5  D iscu ss io n
At the time, this seemed a perfectly reasonable approach to take to obtain cDNA 
clones of pea MTase; oligo 1017 was the minimum length recommended for library 
screening by Lathe (1985). Indeed, Mason and Williams.(1985) recommend the use 
of 17-mers and salt-containing hybridisation solutions for library screening. Because
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hybridisation temperatures in the presence of sodium ions have to be appropriate for 
the most AT rich oligo species, this allows a considerable proportion of shorter 
hybrids to form and effectively reduces the probe length (Wood et a i ,  1985). As 
discussed earlier, decreasing the probe length increases the number of false positives.
The number of positives obtained with the 17-mer described in this section 
was much greater than expected. In retrospect, it would have been better to increase 
the probe length by synthesizing partially overlapping oligonucleotides 
corresponding to motif IV, or to use additional conserved motifs for oligonucleotide 
design.
With the benefit of hindsight, it is clear that this approach would have met 
with little success, even if the probe length had been increased. First of all, the actual 
predicted amino acid sequence of the pea MTase cDNA that was eventually cloned 
deviates from the mouse MTase motif IV in the region corresponding to oligo 1015 
(see Fig. 3.7.8). Ironically, the amino acid sequences of pea and mouse MTases are 
identical in the region of motif IV (sequence GMNRFN) that shows much less 
homology with the prokaryotic consensus than does the region corresponding to 
oligo 1015. Secondly, it was shown later that the region corresponding to motif IV 
is, for some reason, very much under-represented in the library (<1 in 3 million; 
section 3.6.13). Therefore even if a longer degenerate oligonucleotide corresponding 
to motif IV had been used, the chances of success would have still been very small.
The technique of PGR amplification using degenerate primers offers several 
advantages over the approach described above. Firstly, a greater degree of 
degeneracy is allowed as two separate degenerate oligonucleotides are annealed in the 
same reaction which greatly increases the effective specificity. This in turn gives a 
better guarantee of success. Secondly, the technique is much less time consuming in 
the identification of true positives. This approach is described in the next section.
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3.6  RT-PCR of methylase-specific DNA fragments
from pea RNA using degenerate primers
The aim of these experiments was to specifically amplify a segment of pea methylase 
cDNA using primers designed taking into account the conserved amino acid motifs 
(sections 1.4 and 1.5). This is a very powerful technique for cloning new members 
of gene classes, one or more of which have already been characterised. The 
experiment was designed using the recommendations of Compton (1990). First 
strand cDNA was used in preference to genomic DNA, because the pea genome is 
large and therefore it is possible that there are introns between the conserved motifs.
3 . 6 . 1  Degenerate prim er design
At the start of these experiments, the only eukaryotic MTases to have been cloned 
were mammalian (i.e. murine (Bestor et aL, 1988) and human (Yen et a i,  1992)). 
These two MTases are, not surprisingly, very closely related. No examples of cloned 
plant MTases existed to refer to for primer design. It was considered highly likely 
that plant MTases would be more closely related to the mammalian enzymes than to 
any of the prokaryotic type II cytosine-C5 MTases. Nevertheless, the motifs 
exhibiting the greatest sequence conservation at the amino acid level between the 
prokaryotic MTases (Posfai et aL, 1989) were selected for primer design. The other 
criteria were that highly conserved amino acids had to be uninterrupted as far as 
possible by less conserved amino acids, and that the expected product should not be 
too large (smaller products amplify more efficiently during PGR).
Of the conserved regions, the best candidates were motif IV (containing the 
catalytic Pro-Gys) and motif VI. Figure 3.6.1 shows the amino acid sequence of the 
regions of motifs IV and VI used for primer design. Initially, two primers for each 
motif were designed, and the design of each was based on the amino acid sequence 
of the mammalian motifs, with some allowance for the variability in the amino acid
1 3 2
sequence seen in the prokaryotic type II cytosine-C5 MTases. Oiigos I Va and IVb 
were sense primers designed according to motif IV, and oiigos V ia and VIb were 
antisense primers designed according to m otif VI. The 'b' set of primers were more 
degenerate than the 'a' set.
The oiigos were synthesized to contain the 'neutral' base inosine at positions 
of absolute degeneracy (after Knoth et aL, 1988). Inosine forms stable base pairs 
with all four bases, and is the best neutral base available for positions of four-fold 
degeneracy (Martin et aL, 1985). The use of inosines at positions of degeneracy has 
the advantage that there are fewer different species within the degenerate pool, so that 
less of the prim er needs to be added to the PCR reaction. N.B. the degrees of 
degeneracy illustrated in Fig. 3.6.1 are not the "true" degeneracy, and are calculated 
as if I -  N. The degeneracy figures are meant as a guide to the likelihood of chance 
annealing to non-MTase sequences.
The primers were also synthesized to contain an EcoRI site plus a GG clamp 
(Scharf, 1990) at their 5 ' ends in order to facilitate cloning of PCR products. The 
presence of the S ' EcoRl site has the added advantage of increasing the stability of the 
priming duplex after the first round of amplification, which increases the overall 
efficiency of the reaction (Mack and Sninsky, 1988).
Each oligo was checked by denaturing gel electrophoresis on a 20% 
polyacrylamide gel containing 6 M urea to ensure the population contained only full 
length species.
I
I
3i
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Figure 3.6.1 The design of degenerate oligonucleotides based on
conserved motifs IV and VI
a) The figure shows regions of motifs IV and VI selected for prim er design.
Underneath the mammalian sequence (murine and human) is the consensus of 13 
prokaryotic type II cytosine-C5 MTases (Posfai et aL, 1989). The number to the right of 
each amino acid indicates the degree of representation amongst the 13 prokaryotic 
MTases.
h) All degenerate oligonucleotides synthesized were 22-mers, had inosine at
positions of com plete degeneracy, and included FcoR I sites at their 5" ends. The 
'degeneracy' of each oligonucleotide is indicated on the right hand side, and is calculated 
as if I -  N.
Oligo I Va was synthesized according to the mammalian sequence, whereas oligo 
IVb was made to allow for possible sequence deviations in pea MTase and was 
completely degenerate at the second codon (it was not possible to allow for the presence 
of proline because that would have made the degeneracy too high).
Oligo V ia was synthesized according to the mammalian sequence, except that 
both codons for lysine and only one codon for arginine (the one used in mouse motif IV) 
were allowed at the 4th position (from the right hand side). This was because lysine is 
the most well represented amino acid at that position amongst the prokaryotic enzymes. 
Oligo VIb was synthesized to be completely degenerate at this position to allow for the 
presence of any amino acid. Neither of the oiigos allowed for the possible presence of 
glycine at the last codon position due to degeneracy constraints.
Oligo Vic was synthesized to allow for all possible arginine and lysine codons. 
Also included were the codons for asparagine and threonine at the last codon position. 
This was because the recently cloned Arabidopsis MTase was found (surprisingly) to 
code for a threonine instead of asparagine at this position (Jean Finnegan, personal 
communication).
a) Conserved motifs 
M otif IV M otif VI
G C Q N V R N mammalian
G 13 F 8 P 1 3  C 1 3  QIO 
P 3 P 3
S2
E 1 3  N 13 V 13 K IO  G IO prokaryotic 
R1 N3 
L I  
P I
b) Primer sequences 'D egen eracy '
I Va (oligo 1334) (sense)
EcoRI
5 '  GGGAATTC
G P  P  C Q
GGI CCI  C C I  TGT CA 3'
C
64
IVb (oligo 1333) (sense)
EcoRl 
5 '  GGGAATTC
G X  P C Q
GGI I I I  C C I  TGT CA 3 '
C
2048
V ia (oligo 1332) (antisense)
E
CTT
C
N
TTA
G
V
C A I
K ( R)  N
TTT TT  
CC
EcoRl
CTTAAGGG 64
VIb (oligo 1331) (antisense)
E
CTT
C
N V
TTA C A I  
G
X
I I I
N
TT
EcoRI
CTTAAGGG 1024
V ic (oligo 1394) (antisense)
E N V  ( R / K )  ( N / T )
3 '  CTT TTA C A I  T T I  TT
C G GC G
EcoRI
CTTAAGGG 5 512
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3 . 6 . 2  Reverse transcription of pea RNA
Total RNA was prepared from 4-5  day old pea seedlings using the Kirby method 
(section 2.2.13.1). The RNA was checked for possible degradation prior to reverse 
transcription by denaturing gel electrophoresis (section 2.2.13.3), Reverse 
transcription was carried out according to section 2.2.18.1, using MuLV reverse 
transcriptase.
In initial experiments, first strand synthesis was primed using an oligo dT 
primer, which was removed (by gel filtration on a chromaspin 100 column) prior to 
PCR. The rationale behind the use of oligo dT-primed cDNA synthesis was to 
eliminate the possibility of amplifying ribosomal RNA cDNA fragments. This is a 
particular problem when highly degenerate primers are used (Compton, 1990). In 
any case, the use of oligo dT prim ed first strand cDNA should not affect the 
efficiency of am plifying m ethylase-specific fragments providing the reverse 
transcription step is efficient.
3 . 6 . 3  PCR am plification of first strand cDNA
The PCR cycling parameters (section 2.2.13.2) were based on the recommendations 
of Compton (1990). The cycling is begun by performing 1-5 cycles with a low, non- 
stringent annealing tem perature of 37 'C , A fter this stage, the PCR products 
containing the 5 ' extensions (in this case FcoRI sites) serve as targets for the second 
stage of amplification, which can thus be carried out with a higher annealing 
temperature. The number of cycles recommended for the second stage was 25-40 
cycles. PCR was carried out using various combinations of the degenerate primers 
(Fig 3.6.2 a). A  number of controls were included for the PCR step, and were as 
follows:
1. RNA (5 pg) to check for possible amplification o f traces of genomic DNA.
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2. Negative control (no target), to eliminate possibility of carry-over.
3. PCR reactions with only one primer included, to eliminate non MTase- 
specific PCR products.
3 . 6 . 4  Results of PCR am plification of oligo dT-prim ed first
strand cDNA
The initial set of experiments involved the use of primers IVa, IVb, Via and VIb. The 
expected size of authentic pea MTase PCR product was calculated as follows: The 
exact size of the PCR product which would be obtained from mouse cDNA is 159 bp 
(including the EcoRl 5 ' ends); this corresponds to 48 amino acids. The analogous 
segment in the prokaryotic enzymes (Posfai e t a l ,  1989) is typically 4 6 ^ 8  amino 
acids in length. Two species have segments of 56 amino acids and one (PhiST) has a 
segment of 80 amino acids. Therefore the size of the authentic PCR product from pea 
cDNA should be -160 bp if Phi3T MTase is ignored.
Experiment 1 used three cycles with an annealing step at 37°C, followed by 
30 cycles with an annealing step of 46°C. The annealing temperature used for the 
second stage of amplification was lower than recommended by Compton (1990). The 
reasoning behind this was as follows: the reversible melting temperature (T,^) of 
oligonucleotide hybrids is estimated using the rule of thumb calculation (Thein and 
Wallace, 1986) where = 4(G+C) + 2(A+T) “C. The effect of inosine is hard to 
predict, as the order of stability of I-N pairs is I-C > I-A > I-T ~ G-T, with I-C pairs 
being slightly less stable than A-T pairs. Also, the stability of base-pairing depends 
on local sequence contexts (Martin et a i ,  1985). Oiigos Via and VIb are more AT 
rich than IVa and IVb, so the annealing temperatures used were based on a 
consideration of the T^s of oiigos Via and VIb. A conservative estimate for the of 
the most AT rich species, counting inosines as zero, is 30"C and 24°C for oiigos Via 
and VIb respectively, not including the EcoRI sites. The inclusion of the EcoRI sites 
in the calculation brings the of oligo Via and VIb up to 40°C and 46“C
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respectively. However, it has been reported that up to 20% mismatch between 
degenerate primers and their templates is tolerated in the PCR reaction (Lee and 
Caskey, 1990), and so it was hoped that the primers would anneal at temperatures 
higher than the calculated For this reason, a high annealing temperature (relative 
to the calculated was used in the first three rounds of amplification, which should 
maximise the specificity of the PCR. In subsequent rounds, a less stringent annealing 
temperature (equal to the calculated 7,^ of Via) was used, which should maximise the 
overall efficiency of am plification. Repeat PCRs (using the second stage 
amplification step only) were carried out on 1 pi (out of 100 pi) samples of the first 
PCR reaction. Figure 3.6.2 shows the results of experiment 1. However, even after 
repeat PCR, no product of the expected size was obtained.
It was thought that perhaps the initial annealing temperature may be too 
stringent for some members of Via and VIb. This parameter was therefore reduced to 
32°C in experiment 2, whilst keeping the other parameters the same as in Experiment 
1. Again repeat PCR was carried out on 1 pi samples of the initial reaction. The 
results of experiment 2 are shown in figure 3.6.3.
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Figure 3.6.2 PCR amplification of pea first-strand cDNA
(experiment 1)
3.6.2 A
Cycling parameters:
Stage 1 [94"C, 3 min] x 1; [94“C 1 min, 3 T C  1 min, 72“C 1 min] x 3 
Stage 2 [94'C 1 min, 46“C 1 min, I T C  1 rain] x 30; [72°C 2 min] x 1 
Targets:
Lanes 1-8: Oligo dT-primed first-strand cDNA (section 2.2.18.1)
Lane 9: RNase-free DNase I treated pea total RNA (2 pg)
Lane 10: No target
P rim e r com binations fo r bo th  3.6.2 A an d  3.6.2 B:
Lane: 1 2 3 4 5
IVa+VIa IVa+VIb IVb+VIa IVb+VIb IVa
6 7 8 9 10
IVb Via VIb IVa+VIa IVa+VIa
Each PCR sample was ethanol precipitated and resuspended in 10 pi TE buffer. Half of 
each sample was then resolved on 2% agarose TAE gels along with 0.5 pg 100 base-pair 
ladder marker (lanes M).
3.6.2 B (repeat PCR)
Cycling parameters:
[94“C 3 min] x 1;[94“C 1 min, 46°C 1 min, 72“C 1 min] x 30; [72“C 2 min]
X 1 
Targets:
1 pi (out of 100 pi) of the corresponding PCR reactions from 3.6.2 A
M 1 2 3 4 5
600 —
1 0 0 -
size
(bp)
-1150
-340
M 6 7 8 9 10
600
100
B M 1 2 3 4 5
600
100
M 6 7 8 9 10
1150 600-
10 0 -
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Figure 3.6.3 PCR amplification of pea first strand cDNA
(experiment 2)
3.6.3 A
Cycling parameters:
Stage 1: [94'C 3 min] x 1;[94°C 1 min, 32“C 1 min, I T C  1 min] x 3 
Stage 2: [94°C 1 min, 46°C 1 min, 72°C 1 min] x 30; [72°C 2 min] x 1 
Tin-gets: Same as in Fig. 3.6.2 A
3.6.3 B (repeat PCR)
Cycling parameters:
[94“C 3 min] x 1;[94°C 1 min, 46°C 1 min, I T C  1 min] x 30; [72”C 1 min]
X 1 
Targets:
1 pi (out of 100 pi) of the corresponding reactions from 3.6.3 A
P rim e r com binations:
Same as in figure 3.6.2 for each lane
Again, each PCR reaction was ethanol precipitated and resuspended in 10 pi TE buffer. 
Half of each sample was electrophoresed on a 2% agarose TAE gel, along with marker 
DNA (100 bp ladder; lanes M).
M 1 2 3 4 5 M 6 7 8 9 10
1150
600
100
600-
100
B M 1 2 3 4 5
600-
1 0 0 -
size
(bp)
1150340
200
M 6 7 8 9 10
600
100
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As can be seen in figures 3.6.2 and 3.6.3, there appears to be no contaminating 
genomic DNA in the total RNA preparation because there was no amplification in 
either the first or repeat PCR steps. The main PCR products obtained in the first 
round of PCR are a band of -3 4 0  bp and one of -1.15 kb. The 340 bp band is too 
large to be a M Tase-specific PCR product. This band was amplified by IVa in 
combination with either Via and VIb, even when the initial annealing temperature is |
37°C. The fact that this band is amplified by both V ia and VIb suggests that the 
annealing temperatures are not too high for the inosine-rich oligo VIb to work.
However, this band was not amplified with primer combinations that included oligo
IVb, even when the initial annealing temperature is reduced to 30“C. This is 7
surprising, considering that even though oligo IVb contains one more inosine than T
oligo VIb, it is relatively GC rich and this should raise the of the hybrids. Perhaps
the failure of IVb to amplify the 340 bp band is a function of its high effective
degeneracy (see Fig. 3.6.1). Similarly, IVb does not amplify the 1.15 kb band which
is amplified by IVa. E
The band of 1.15 kb appears in all lanes where oligo IVa was used. There are 
two possible explanations for the amplification of this fragment. The first is that it is a ;»
IVa specific band; the second is that the fragment is a MTase 3 ' RACE product 
amplified by IVa and residual amounts of the oligo dT primer, not removed by the 
chromaspin column (theoretically, even a 1% residue of the oligo dT primer (-0.05 
pmol per PCR reaction)) would be capable of generating a 1.15 kb band in the range 
of 30 ng). However, the first explanation appears more likely because in the second 
stage of PCR using 1 \xl out of 100 pi amplified product as target, highly amplified 
material appears in the region of -1.15 kb when oligo IVa alone is used as a primer, 
and the amounts of residual oligo dT would be negligible.
In experim ent 2, a sim ilar profile of fragments to that obtained from 
experiment 1 was obtained in the first PCR step. However, the profile of bands 
obtained in the repeat PCR step is significantly different. In particular, oiigos IVa and 
Via had amplified fragments of estimated size 160, 270 and 520 bp. The first
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matches exactly the size of the product expected from mouse MTase cDNA. A 
worrying feature of this result however, was that the main bands obtained from 
amplification by Via alone match this profile closely. Nevertheless, a repeat PCR 
amplification was carried out on the gel-purified 160 bp band using oiigos IVa and 
Via. Disappointingly, only a smear was visible after agarose gel electrophoresis.
It was decided next to test whether the degenerate primers could amplify the 
conect segment from a positive control target. This was not done concurrently with 
the previous experiments as a precaution against contamination of the test reactions 
by the positive control. The results of these experiments are summarised in the 
following section.
3 . 6 . 5  Am plification o f a plasmid target using the degenerate
prim ers
The positive control used in these experiments was the mouse MTase cDNA cloned 
into pBluescript (pMG), (see section 3.2). The amount of target used in each case 
was 2 ng plasmid, and the parameters used were the same as in experiment 1. 
Amplification of the expected fragment (160 bp in length) from the control tai'get was 
achieved using all combinations of IV and VI primer pairs, and the intensity o f the 
band was approxim ately equal in each case (results not shown). The yield of 
authentic product was low, however, but was improved when the number of cycles 
in the second step was increased to 35. The intensity of the 160 bp band amplified 
from plasmid targets was always low in comparison to the intensities of smaller 
products (< 100 bp). These smaller products were either due to chance annealing to 
regions other than the intended target within the plasmid template or were primer- 
dimer artefacts. Nevertheless, these experiments did show that all the degenerate 
oligonucleotides were capable of amplifying the authentic product.
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3 . 6 . 6  PCR amplification of oligo Vl-primed first strand cDNA
On the basis of previous experiments, it was concluded that there was nothing 
basically wrong with the PCR conditions and parameters used for pea cDNA 
amplification. The fact that a cDNA fragment of over 1 kb has been amplified (figures ?:
3.6.2 and 3.6.3) suggests that first-strand synthesis should have been efficient
:
enough to generate a long enough MTase cDNA to contain the primer annealing sites. |
Another factor which may be affecting the yield of authentic product could be the 
presence of secondary structure in M Tase mRNA, which would prematurely 
term inate first-strand synthesis. Though MuLV reverse transcriptase was 
recommended in the literature, it is more sensitive to secondai'y structure than AMV 
reverse transcriptase, presumably because reverse transcription is carried out at a 
higher temperature (42“C) with the latter enzyme. To circumvent the problem of 
secondary structure, a downstream degenerate primer was used to prime reverse 
transcription. Though there was a possibility of priming from, and subsequent 
amplification of ribosomal RNA, it was hoped that sufficient amounts of authentic 
product would be amplified. By the time these experiments were undertaken, I had 
access to the predicted amino acid sequence of motifs IV and VI of the cloned 
Arabidopsis MTase cDNA (Jean Finnegan, personal communication). Arabidopsis 
motif IV was identical to mouse motif IV in amino acid sequence. Arabidopsis motif 
VI, however, differed from mouse m otif VI by one amino acid (the asparagine 
residue was replaced by a threonine residue). Oligo Vic was therefore designed to 
allow for either asparagine or threonine to be present in motif VI of pea MTase, (see 
Fig. 3.6.1). Oiigos IVa and Vic were used in the following experiment.
Reverse transcription was carried out as described in section 2.2.18.1, using 
oligo Vic (50 pmol) instead of the oligo dT primer to prime synthesis. PCR was 
carried out using the same parameters as in experiment 1 (Fig. 3.6.2) except that 35 
cycles were used in the second stage of PCR, and a repeat PCR reaction was not
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carried out. As a control, oligo dT-primed cDNA was also used as target. The results 
of this experiment aie shown in figpre 3.6.4.
As can be seen from the figure (shown in negative for clarity), four fragments 
of estimated molecular sizes 240, 190, 160 and 110 bp are amplified strongly from 
oligo VIc-primed first strand cDNA (the expected size of MTase-specific product is 
160 bp) The fragments amplified from oligo dT-primed pea cDNA (with the oligo dT 
, primer removed prior to PCR amplification) are similar to those obtained in previous 
experiments. (A control in which the oligo-dT primer was not removed was also 
included to test whether oligo dT removal by chromaspin 100 and recovery of target 
really was efficient.) Together the results show that it is extremely likely that 
secondai'y structure of RNA was the cause of the failure to amplify a pea MTase- 
specific fragment.
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Figure 3.6.4 Amplification of oligo VIc-primed first strand
cDNA
6 M
-  600
-  100
The primers used for each PCR reaction were oiigos IVa and Vic. The PCR 
parameters were as described in section 3.6.6. The reactions were then ethanol 
precipitated and resuspended in 10 pi TE buffer. Half of each sample was resolved 
on a 2% agarose TAE gel along with 0.5 |ig marker (100 base-pair ladder). The gel 
photograph is shown in negative.
Targets; 
Lane 1
Lane 2 
Lane 3 
Lane 4 
Lane 5 
Lane 6
Oligo dT-primed first strand cDNA in which the oligo dT had been
removed by a chromaspin 100 column
Oligo dT-primed first-strand cDNA, chromaspin step omitted
Oligo VIc-primed first strand cDNA
Non-DNase l-treated pea total RNA (5 pg)
DNase l-treated pea total RNA (5 pg)
Negative control -  no target
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3 . 6 . 7  Cloning of PCR fragm ents
Firstly, a repeat of the PCR experiment was carried out in duplicate, together with a 
control in which only oligo Vic was added. The samples were resolved on a 2%
LMP agarose gel. The profile of bands obtained with IVa and Vic amplification was
"■r'\exactly the same as in the previous experiment. The profile of bands obtained in the 
control lane was different, but because of the number of bands it was not clear which E
of the IVa + Vic amplified fragments could be due to amplification by Vic alone 
(results not shown). The bands of 160 and 190 bp were excised from the gel and the 
DNA recovered by phenol extraction (section 2.2.6).
The DNA samples were then digested with EcoR I, phenol/chloroform  
extracted, ethanol precipitated and resuspended in sterile water. The DNA fragments
were then cloned into the EcoRI site of pBluescript II KS+. Ligations were carried EE
out as described in section 2.2.7 with 2 ng insert DNA (as estimated against DNA 1concentration standards section 2.2.3.3). 5 p i of each ligation mix was used to
■Etransform competent E.coli X Ll Blue cells (section 2.2.8). Pale blue colonies were 
selected for overnight culture (the insertion of small fragments of DNA can lead to 
incomplete disruption of the Lac Z gene). Plasmid minipreps were made from each 
overnight culture (section 2.2.9.1). EcoRI digested samples o f the minipreps are g
shown in figure 3.6.5. For some reason, fewer transformants were obtained from the 
ligation of the 190 bp fragment. Only one recombinant plasmid contained an insert |
approximating to this size (lane 2). The majority of inserts appeared to be the same 
size (-150 bp) which would result from the cleavage of a 160 bp PCR fragment by 
EcoRl, In addition, some of the recombinants contained smaller inserts (-130 bp).
For future reference, the recombinant plasmids are numbered as they are in figure 
3 .6A .
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Figure 3.6.5 E coR I digests of recom binant plasmid m inipreps 
containing cloned PCR products
5 pg of each plasmid was digested with EcoR l and resolved on a 2% agarose gel 
along with marker DNA (100 bp ladder). Lanes 1-5 are transformants obtained from 
the ligated 190 bp fragment whereas lanes 6-29 are transformants obtained from the 
ligated 160 bp fragment. Lane 30 is a control (from a blue colony).
1 2 3  4 5 M 6 7 8 9  10
600
11 12 13 14 15 M 16 17 18 19 20
600
21 22 23 24 25 M 26 27 28 29 30
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3 . 6 . 8  Sequencing of recom binant plasmids
Each recombinant plasmid described in the previous section was sequenced on the 
ABI automated sequencer (section 2.2.21). Double stranded plasmid templates for
sequencing were prepared from the overnight cultures using the Promega Magic
■E
M iniprep columns (section 2.2.9.2). Some of the recom binant plasmids were 
sequenced in both directions (using the M l3 universal and reverse sequencing 7
primers (Pharmacia). Due to space (and financial) constraints, most were sequenced #
using the reverse primer only. EE;
The major species of cloned PCR product (clones 7, 8 , 9, 10, 13, 16, 17, 18, 7
19, 21, 28) were identified as pea MTase-specific fragments upon sequence analysis t,:
and translation. Figure 3.6.6 shows an alignment of the sequences with each other.
Only clone 7 was sequenced in both directions, and the sequences were found to 
match exactly (results not shown). The clones that did not belong to this group were 
clones 6 and 12 (which were identical to each other), and clones 2, 4 ,14, 25 and 26, 
which were unique. These non-MTase clones will be discussed later.
3 . 6 . 9  Sequence analysis of cloned pea M Tase-specific PCR
products
As can be seen in figure 3.6.6, all the PCR products were ligated in the antisense 
orientation in pBluescript IIK S  (see also Fig. 2.2.2), although the orientation should 
theoretically be random. This could be because of toxicity to the host cells of the p- 
galactosidase fusion protein following induction by IPTG. Alternatively, perhaps 
insertion in the sense orientation leads to recombination in the host; indeed all the 
cloned PCR products (whether they belong to this group or not) have been cloned in 
the same orientation.
147
Figure 3.6.6 Sequence alignment of cloned pea MTase specific
PCR fragments
The figure shows the reverse complement of clones 7-28 which are MTase-specific PCR 
fragments cloned into the EcoRI site o f pBluescript II KS+. Automated sequencing was 
perfomied on double-stranded plasmid templates using MIS reverse sequencing primer. 
As can be seen, all inserts have been cloned in the same (antisense) orientation.
Underneath the alignment, the sequences of degenerate primers oligo Vic and 
IVa.(omitting EcoRI sites) are depicted, showing the alternative bases (oligo Vic is 
shown in antisense).
Also shown is the sequence of part of the pea DNA MTase 3 ' RACE product 
which was cloned later (see section 3.7). W here the sequences of the PCR products 
differ from that of the cloned 3 ' RACE product is indicated in bold type.
clone
9
10
13
16
17
18 
19 
21 
28
RACE 
Oligo I Va
GGCCCGCCGT
GGCCCGCCGT
GGNCCGCCGT
GGNCCGCCGT
GGNCCGCCGT
GGNNCCCCGT
GGCCCGCCGT
GGCCCGCCGT
GGNCCGCTGT
GGNCCGCCGT
GGNCCGCCGT
GCCAGGGTTT
GTCAGGGTTT
GTCAGGGTTT
GTCAGGGTTT
GTCAGGGTTT
GCCAGGGTTT
GTCAGGGTTT
GTCAGGGTAT
GTCAGGGTTT
GTCAGGGTTT
GTCAGGGTTT
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
CTCTGGGATG
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
AATAGATTTA
50
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
ACACAAGCAC
GGGCCTCCAT GCCAGGGTTT CTCTGGGATG AATAGATTTA ACACAAGCAC
GGICCICCIT GCCA 
T
51 100
7 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
8 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
9 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
10 TTGGAGTGAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
13 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
16 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
17 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
18 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCNTA TCCTTTGCTG
19 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
21 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTTA TCCTTTGCTG
28 TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTAA TCCTTTGCTG
RACE TTGGAGTAAA GTCCAGTGTG AGATGATATT AGCGTTCTAA TCCTTTGCTG
7
101
ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAACGTCAG
143
AAA
8 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAACGTCAG AAA
9 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAACGTCAA GAA
10 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AAAACGTCAA GAA
13 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAATGTCAA AAA
16 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAACGTCAA AAA
17 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AAAACGTCAA GAA
18 ATTATTNCCG NCCGAGNTAC TTCCTNCTGG AGAACGTCAG AAA
19 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AGAACGTCAG GAA
21 ATTATTTCCG GCCGAGGTAT TTCCTCTTGG AAAACGTCAA AAA
28 ATTATTTCGG GCCGAGGTAT TTCCTCTTGG AGAACGTCAA AAA
.CE ATTATTTCGG GCCGAGGTAT TTCCTCTTGG AGAATGTGAG GAA
Oligo Vie (antisense of) G AGAACGTIAG lAA 
A T CA C
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Comparison c(_ the sequences with each other and with the authentic 
sequence (which was later obtained by 3" RACE using Pfu polymerase; section 3.7) 
shows that there were few Taq misincorporations (excluding the primer sequences). 
The exception was clone 18 which appeared to contain several point mutations, but 
this may be a feature of poor sequencing in this instance. Apart from clone 18, only 
clone 10 had any point mutations (just one at position 58). Analysis of the sequences 
corresponding to the degenerate primers showed significant deviation at positions of 
degeneracy from the authentic sequence. W hen the reverse prim er is used for 
sequencing, i  he sequence of oligo Vic itself, and the sequence of the strand opposite 
to oligo I Va is read. Analysis of the sequence corresponding to oligo I Va shows a 
marked preference for G on the coding strand, at positions where where there are 
inosines in oligo I Va. This shows that there has been a bias towards the incorporation 
of C residues opposite I residues during PCR with the degenerate primers, especially 
towards the 3 ' end of oligo I Va. This is probably because I-C pairs are the most 
stable (Martin et a/., 1985). There also appears to be a tolerance of mismatches at 
positions where two alternative nucleotides are possible in the primer sequences. For 
example, with oligo Vic up to 3 mismatches are tolerated (= 14% of a 22-mer). As 
mentioned earlier, the studies of Lee and Caskey (1990) have shown a tolerance of 
up to 20% mismatch, though the type of mismatch was not specified. All of the 
sequence deviations at positions of two-fold degeneracy in this experiment have 
arisen from G-T mismatches between the primers and the template cDNA. G-T pairs 
are relatively stable, and are in fact somewhat more stable than G-I pairs (Sambrook 
eroA, 1989).
3 . 6 . 1 0  Comparison of M Tase PCR products with sequences in 
the database
The reverse complement of clone 7 (figure 3.6.6) was translated in three forward 
frames, revealing the first frame to be an ORE as expected. A PASTA seai’ch of the
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SwissProt database was then carried out with the predicted amino acid sequence. The 
highest score was obtained with Arahidopsis MTase (Finnegan and Dennis, 1993), 
followed by human MTase (Yen et a i ,  1992) and mouse MTase (Bestor et a l ,  
1988). The alignments are shown in figure 3.6.7 together with the two most closely
m atching prokaryotic MTases (M.5b?I and M .Aqul). The best alignment (not 
surprisingly) is to Arahidopsis MTase. The two plant MTases are slightly more 
divergent from each other than the two mammalian MTases (whose sequences are 
identical in this region). The eukaryotic MTases appear to form a closely related 
group which aie distinct from the prokaiyotic MTases.
3 . 6 . 1 1  Sequence analysis of the other cloned PCR products
The other cloned PCR fragments (referred to in section 3.6.8) all derived from 
amplification by oligos I Va and Vic. Because oligo Vic was used to prime first- 
strand synthesis, the sense strand reads in the I Va to Vic direction. It was first 
necessary to investigate the possibility that any of these PCR products have been 
amplified from a different pea MTase mRNA (since there are two different plant 
MTases with CG and CNG substrate specificities (section 1.5.3). For this to be a 
possibility, the ORF of a particular PCR product must begin as GPPC and end as 
ENV(R/K) in the same frame. In addition, the absolutely conserved serine residue 
from motif IV must be present i.e. PCXXXS (section 1.4). As mentioned earlier, 
each of these PCR products had been cloned in the same orientation as the MTase- 
specific PCR products. Therefore, the reverse complement of each of these cloned 
PCR products was translated in three forward frames. Three of the clones (14, 25 
and 26) did contain a serine at the appropriate position; however both clones 14 and 
25 required a frame shift to read ENV(R/K). Clone 26 did have the sequence ENVK 
in frame with GPPCQ, and therefore a FASTA search was carried out with the 
predicted amino acid sequence (from frame a). The translations in three frames of 
each of clones 14,'25 and 26 are shown in figure 3.6.8, together with the best
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Figure 3.6.7 Predicted amino acid sequence of cloned pea
M Tase-specific PCR product; homology to other 
M Tases
The sequence of the cloned PCR product (clone 7, Fig. 3.6.6) was translated in the first 
reading frame. A FASTA search was then carried out on the SwissProt database with the 
predicted amino acid sequence, and the four best matches are shown in the figure.
The best matches are obtained with the eukaryotic MTases {Arahidopsis MTase 
and the mouse and human MTases). O f the mammalian sequences, only the match with 
mouse MTase is shown, as it is identical to the human sequence in this region. The 
alignments with the two most closely related prokaryotic MTases between regions IV and 
VI, M .Sinl and M A q u l  are also shown. Also indicated is the sequence specificity of 
each MTase; the target cytosine is underlined.
3
'-'1
A ra h id o p sis  M Tase Target specificity: CG or CNG 'I
ASCORES Initl: 264 Initn: 264 Opt: 264
95.7% identity in 47 aa overlap
10  20  30  40
PCR7.p GPPCQGFSGMNRFNTSTWSKVQCEMILAFLSFADYFRPRYFLLENVRllllllllllllll hlllllllllllllllllMMIIIIIIIIImtdm„a GPPCQGFSGMNRFNQSSWSKVQCEMILAFLSFADYFRPRYFLLENVR 
1200 1210 1220 1230 1240
M ouse M Tase Target specificity: ÇG
SCORES Initl: 202 Initn; 202 Opt: 202
68.1% identity in 47 aa overlap
10 20 30 40
PCR7,p GPPCQGFSGMNRFNTSTWSKVQCEMILAFLSFADYFRPRYFLLENVR
mtdin_m GPPCQGFSGiylNRFNSRTYSKFKNSLWSFLSYCDYYRPRFFLLENVR 
1120 1130 1140 1150
M .5/rtI Target .specificity: GGWÇC
SCORES Initl: 46 Initn: 75 Opt: 79
34.0% identity in 47 aa overlap
10 20 30 40
PCR7.P GPPCQGFSGMNRFNTSTWSKVQCEMILAFLSFADYFRPRYFLLENVRI I I I I : I I : : : : • : = : : : : = h I : I I : I : : : I | I |mtsi_s GPPCQAFSTAGK--RLGLEDERGNVFIKYLDVALDIRPKYIVIENVR 
150 170 180 190
(a  subunit) Tai'get specificity: CYCGRG
SCORES ■ Initl: 45 Initn: 65 Opt: 68
31.9% identity in 47 aa overlap
10 20 30 40
PCR7.p GPPCQGFSGMNRFNTSTWSKVQCEMILAFLSFADYFRPRYFLLENVRI I I I I : I I : : : : : : ; : [ : [ | : | : : | : : | | | :mtaa_s GPPCQSFSLAGK~-RMGMDDPRGMLVLEFLRWREALPKCFVMENVK 
80 90 100 110 120
1 5 :
sequence match obtained with a MTase from the FASTA search with clone 26 
(translated in the first frame). It can be seen from the figure that though the 
FASTA search did identify a match between clone 26 and a MTase sequence, the 
match is restricted to the region of motif IV, which is by definition dictated by the 
degenerate prim er sequence. This match was therefore not considered to be 
significant.
The possibility that the frame shifts in clones 14 and 25 were due to 
sequencing errors was also considered. FASTA searches were therefore carried out 
with the sequences translated in all three frames. Again, no significant alignments 
with MTase sequences were identified (data not shown).
Only one type of MTase-specific product has-been amplified by oligos I Va 
and Vic has been identified. This does not of course completely exclude the 
possibility that another MTase mRNA exists in pea; it is possible that the sequence of 
an alternative MTase mRNA could be different enough to prevent amplification by 
these primer pairs.
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Figure 3.6.8 Sequence analysis of other cloned PCR products
a) Each of the cloned PCR products (Fig. 3.6.5) that did not belong to the 
MTase group (Fig. 3.6.6) were analysed to see if they represented alternative MTase 
PCR products. The reverse complement of each sequence was translated in three 
forward frames. Those which coded for the sequence PCXXXS in the first frame 
(clones 14, 25 and 26) are shown below. Clones 14 and 25 contain stop codons in 
the first frame and ar e therefore not MTase-specific segments.
b) A FASTA search with the amino acid sequence predicted by frame a of clone 
26. The best match obtained with a MTase is shown, but was not considered 
significant.
a) Translation o f clones 14, 25 and 26 
Clone 14
g g n c c n c c g t g t c a c c g a a g t a c c a a c a g a a g a a a c a a c c g a a a a a c c a a c a g a a a c a a c
a  G P P C H R S T N R R N N R K T N R N N
b  ? ? R V T E V P T E E T T E K P T E T T ~
c  ? ? V S P K Y Q Q K K Q P K N Q Q K Q L -
t g c a g c a g g a g a a g c t g t a g a t g c t c c c g a a a c c c a a g a t c c a c t t g a a g t t g a g a a c a a
a  C S R R S C R C S R N P R S T * S * E Q
b  A A G E A V D A P E T Q D P L E V E N K -
C Q Q E K L * M L P K P K I H L K L R T R -
g g a a g t g g t a a c a g a g a a c g t c a a a a a
a  G S G N R E R Q K
b  E V V T E N V K
c  K W * Q R T S K
Clone 25
g g n c c g c c g t g c c a t g c a t g c a g t t a t c g a t a g a c a a a a a a a t c a t g g t a t g c a c t t t c g
1 ----------------------------- + ------------------------------+ -------------------------------4------------------------------ + ------------------------------+ -------------------------------4- 6 0
a  G P P C H A C S Y R * T K K S W Y A L S
b  ? R R A M H A V I D R Q K N H G M H F R -
C ? A V P C M Q L S I D K K I M V C T F V -
t g t a t t a g c t a a a g c c t t a c g t t t g t c t g g t g g a g a t c a t a t t c a c g c t g g t a c t g t a g t
5 1  ----------------------------------1----------------------------------1-------------------------- 1--------------------------------- 1--------------------------------4- -------------------------------- h 1 2 0
a  C I S * S L T F V W W R S Y S R W Y C S
b  V L A K A L R L S G G D H I H A G T V V -
C Y * L K P Y V C L V E I I F T L V L * * -
a g g t a a a c t t g a a g g a g a a c g t c a a g a a
1 2 1 ------------------------------ 4 - ------------------------------ + ------------------------ 1 4 8
a  r * T * R R T S R
b  G K L E G E R Q E
c  V N L K E N V K
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C lone 26
g g g c c g c c g t g t c a a a c g t c a t c c g t c a t c c a c a t t g c a a t g a c t c t g g a c g c t a c c t a c
1 ------------------------- + --------------------------- + -------------------------- + -------------------------- + -------------------------- + --------------------------- +  50
a  G P P C Q T S S V I H I A M T L D A T Y
b  G R R V K R H P S S T L Q * L W T L P T -
C A A V S N V I R H P H C N D S G R Y L P -
c t c c g t g g c t c c a t t g c c g g t g t t t t c t c t g t c t t g c a a c a c g c t t c g t g t c c a g a g a a c
6 1 -------------------------+ ----------------------------+ -------------------------- + -------------------------- + -------------------------- + --------------------------- +  120
a  L R G S I A G V F S V L Q H A S C P E N
b  S V A P L P V F S L S C N T L R V Q R T -
c  P W L H C R C F L C L A T R F V S R E R -
g t c a a a a a
1 2 1  12 8
a  V K -
b  S K
c  Q K -
b) FASTA search with clone 26 amino acid sequence (frame a) 
Clone 26 x M .#g;dl
SCORES Initl: 33 Initn: 45 Opt: 33
100.0% identity in 5 aa overlap
10 20 30
PCR2 6. GPPCQTSSVIHIAMTLDATYLRGSIAGVFSmi l :mtdl_h FTHPIHELDLAQIDAAVSLIKTHSPELIIGGPPCQDFSSAGKRDEGLGRANLTLDFAKIV 
50 60 70 80 90 100
40
PCR2 6. VLQHASCPENVK
mtdl_h LAIQPAWVIMENVERARLSKIHQQACSMLGDEGYSLAQWLDASLCGVPQLRKRTFVIGH 
110. 120 130 140 150 160
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3 . 6 . 1 2  Hybridisation of a cloned pea M Tase-specific PCR
product to  pea R N A
The insert from clone 7 (Fig. 3.6.6) was radiolabelled by random priming and 
hybridised to a northern of poly(A)+ RNA (prepared from 4-5  day old pea shoots). 
Hybridisation and washes were carried out at high stringency (2.2.16.1), but the last 
wash was omitted because the probe length is less than 150 bp.
For comparison, a duplicate northern blot was probed at 65°C with a 
fragment of a pea cDNA clone obtained independently by S. Pradhan, working in 
our laboratory. (This cDNA clone was isolated partly on the basis of N-terminal 
sequencing of purified pea CWG MTase). The final, high stringency wash was also 
omitted for this blot, to see if there was a family of related MTase mRNAs were 
present.
Figure 3.6.9 shows the results of hybridisation. A single band of 5.0 kb was 
found to hybridise with each probe. The size of the mouse MTase mRNA is 5.2 kb 
(Bestor et ciL, 1988), and that of the Arahidopsis MTase mRNA is 4.7 kb (Finnegan 
and Dennis, 1993). The results suggest (but do not prove) that the MTase-specific 
PCR product and the cDNA clone isolated by S. Pradhan originate from the same 
mRNA. The results also suggest that there is only one type of MTase mRNA (unless 
there is another MTase mRNA that is different enough not to have hybridised under 
these conditions).
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Figure 3.6.9 Hybridisation of a cloned pea MTase-specific PCR
product to a pea northern
3.91 —
2 .8 0 —
1 .9 0 —
5.0 kb
Poly(A)+ RNA was prepared from 4-5  day old pea shoot tips according to section 
(2.2.13.2), and 4 |ig  samples were resolved by electrophoresis on a denaturing 
agarose gel (section 2.2.13.3), along with RNA size-markers (Promega). The gel 
was blotted onto a Hybond N+ membrane (section 2.2.14.3), and the membrane was 
then cut into strips. One strip (strip 2) was probed with the insert from the cloned 
MTase-specific PCR product (clone 7; Fig. 3.6.6), and the other with a fragment of a 
pea MTase cDNA clone isolated by S. Pradhan.
Both probes were radiolabelled by random priming (section 2.2.15.1) and 
hybridised at 65°C (section 2.2.16.1). Post-hybridisation washes were as 
recommended by the manufacturers for homologous probes, except that the final 
high stringency wash was omitted. A single band of 5.0 kb was found to hybridise 
in each case.
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^ 1
3 .6 ,1 3  Screening a pea cDNA lib ra ry  w ith the cloned M Tase- 
specific P C R  p ro d u c t
At this stage, we did not know whether the cloned MTase-specific PCR product and 
the MTase cDNA clone isolated by S. Pradhan (mentioned in the previous section) 
corresponded to the same MTase mRNA, because we did not have overlapping 
sequence data. To obtain a larger cDNA fragment the pea cDNA library in Àgtl 1 4
(section 2.1.5.1) was probed with the insert of clone 7 (Fig.3.6.6). The library was ?
plated out (section 2.2.10) on 12 plates at a density of 75,000 plaques/150 mm plate C
(= 10^ plaques). Duplicate plaque lifts were performed as described in section 
2.2.14.2. The insert from clone 7 was radiolabelled by random priming (section
2.2.15.1) to a specific activity of >1 x 10^ dpm/jttg. Hybridisation was carried out at 
65“C in 50 ml hybridisation solution (section 2.2.16.1) with 50 ng probe. Post 
hybridisation washes were carried out as follows: 500 ml 2 x SSC, 0.1% SDS at 
room temp (2 x 30 min); 250 ml 1 x SSC, 0.1% SDS, at 65°C (2 x 15 min). The 
final, most stringent wash was omitted because of the shortness of the probe.
However, upon autoradiography of the filters (for 1 week), no positive signals were 
obtained on duplicate filters. The library screening was repeated on 2 x 1 0 ^  plaques.
As a control, samples of clone 7 plasmid were dot blotted onto a Hybond N+ 
membrane at concentrations of 1 ng, 100 pg and 10 pg homologous target (i.e. 
insert).The filter was fixed in the same manner as the plaque lifts and hybridised and 
washed together with the plaque lift filters. The limit of detection was found to be 10 
pg target DNA after 1 week's exposure. This sensitivity should be enough to detect 
homologous X recombinants on the plaque lift filters. However, no positive plaques 
were identified. It was therefore concluded that the sequence corresponding to 
regions IV-VI of pea MTase must be very poorly represented in this library. This 
conclusion was also reached independently by S. Pradhan. The reason for this 
under-representation is unclear. The results from this section suggest that there may 
be some secondary structure in the MTase mRNA, which would inhibit oligo dT-
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primed synthesis. However, oligo dT- and random hexamer-primed first strand 
cDNA synthesis was used in the construction of this library. Another factor could be 
toxicity of this particular region to the host through low level basal expression, as it 
has been shown in this section that the PCR product spanning motifs IV and VI has 
been cloned in the antisense orientation only (though induction with IPTG was used 
in this instance). However if this has occurred, it would only affect cDNA fragments 
cloned in the sense orientation and in frame with the (3-gaiactosidase gene of the 
vector. Perhaps there has been an initial under-representation due to a combination of 
factors, which has been exaggerated through library amplification.
3 .6 .1 4  S u m m ary
PCR amplification from pea cDNA using the degenerate primers I Va and Vic yielded 
only one type of MTase-specific PCR product. This hybridises to a mRNA of 5.0 
kb. An mRNA of the same size was also found to hybridise with the pea MTase 
cDNA clone isolated by Sriharsa Pradhan. This cDNA clone was isolated from the 
same pea cDNA library (in I g t l  1) by screening with a PCR product amplified by 
degenerate primers based on N-terminal protein sequence data (from the CWG 
MTase) (Pradhan and Adams, 1995). This cDNA clone was incomplete and did not 
extend into region IV (efforts to find overlapping cDNA clones extending beyond 
region IV in this library had failed). As both this clone and the cloned pea MTase- 
specific PCR product hybridised to the same-sized mRNA, it seemed likely that both 
originated from the same mRNA. To prove this however, (and to clone the 3 ' end of 
the cDNA) a 3 ' RACE strategy was adopted. Sequence data close to the 3 ' end of the 
cDNA clone (kindly provided by Sriharsa Pradhan) was used to design a unique 
primer for 3 ' RACE. The resultant 3' RACE product should overlap with my PCR 
product and sequencing would reveal whether the two clones derive from the same 
MTase mRNA.
Most importantly, a 3 ' RACE strategy is the quickest, most effective way of
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identifying alternative splicing events in the 3 ' end of the mRNA. This is a 
particularly pertinent question to answer because of the fact that there are both CG 
and CWG MTase activities in plants, and that the two substrate specificities reside in 
different proteins (Pradhan and Adams, 1995). It could be hypothesised that an 
alternative splicing even^the 3 ' end of the pea MTase pre mRNA could give rise to 
two mRNAs, which differ in the region specifying the variable domain . The variable 
domain determines target specificity, at least in the prokaryotic MTases (section 
1.4.1). This difference in size may not be large enough to discern on a northern blot.
The 3 ' RACE experiments will be described in the next section.
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3 .7  Cloning of the 3" end of a pea MTase cDNA
using a RACE strategy
A unique primer (oligo 1838) was synthesized to correspond to part of the sense 
strand of the pea MTase cDNA clone isolated by Sriharsa Pradhan (section 3.6.13). 
The sequence of the primer and the predicted amino acid sequence are shown in 
figure 3.7.1. This particular sequence was selected as it contained a natural Pstl site, 
which would facilitate subsequent cloning of the RACE product. The location of this 
sequence corresponds to 40 or so amino acids downstream of m otif II; as discussed 
earlier, none of the clones isolated from the library extended as far as motif IV.
3 .7 .1  P ro toco l fo r 3 ' R A C E
As it was suspected that there was inefficient oligo dT-priraed reverse transcription
using MuLV reverse transcriptase (3.6.6), it was thought best not to use this enzyme 
for the 3 ' RACE experiment. A 3 ' RACE kit was purchased from Gibco BRL (Cat. 
No. 8373SA). This kit utilises Superscrip t reverse transcriptase (a cloned, 
genetically modified AMV RTase). This enzyme has been engineered to eliminate the 
RNase H activity (found in other reverse transcriptases, especially AMV RTase) 
which degrades the mRNA during the reverse transcription. This enzyme therefore 
results in greater full-length cDNA synthesis and a higher yield of first-strand 
cDNA. The higher temperature optimum for Superscript may minimise problems 
associated with RNA secondaiy structure.
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a) G ene-specific prim er (GSP, = oligo 1838) (sense)
5 ' A A C T G C A G  A A T TG G C C T C T A A G C  3 '
Pstl
Predicted amino acid sequence = AELASK as read from the 5th base (G)
b )  Adapter Primer (AP) (antisense)
Mlul Spel
5 '  GGC CAC GCG TCG A C T AGT AC ( T )  1 7  3  '
Notl half-site Sail
c ) Universal A m plification Prim er (UAP) (antisense)
Mlul Spel
5 ' CUA CUA CUA CUA GGC CAC GCG TCG A C T  AG T AC 3
UDG cloning region Notl half-site Sail
1 6 1
'"ftI
3 . 7 . 1 . 1  3" RACE using T a q  polym erase
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Reverse transcription was carried out as detailed in section 2.2.19.1, initially as 
recommended by the manufacturers of the 3' RACE kit (i.e. using 10 pmol Adapter 
Primer at 42°C). PCR amplification was carried out (as described in section
2.2.19.2) using the gene-specific primer and either the Adapter primer or the 
Universal Amplification Primer (Fig. 3.7.1). The PCR parameters (using a "Hot 
Start") were based on those recommended by Frohman (1994) and were as follows:
1. The reactions (minus the Taq and mineral oil) were heated to 94°C for 5 min.
This step is to denature the RNA/DNA hybrids in case the RNase H treatment was 
not effective. The samples were then cooled to 75”C for 5 min, during which time the
Taq and mineral oil (which was pre-heated to 75°C) were added. ;i
2. The primers were annealed at 60°C for 2 min followed by a long extension at 
72°C (40 min). This is to ensure the target molecules are full length for subsequent 
amplification. A stringent annealing temperature was used to maximise specificity at 
this initial stage (the rule of thumb calculation of the reversible T^  for the gene- 
specific primer, ignoring the two 5 ' adenosines, is 64“C). It was not certain how
raising the annealing temperature above 60°C would affect the annealing of the 3
'■i
Adapter Primer (which contains a stretch of 17 dTs at its 3 ' end). However, the n
annealing temperature could be raised in subsequent experiments, should there be no 
specific amplification. i::
■‘■ft3. 30 cycles of the the following temperatures were carried out: [94°C for 1 min,
‘60°C for 1 min, 12°C for 3 min]. The long extension time should ensure that full- 
length species (-1 .3  kb) can compete effectively with truncated products for 
amplification.
4. A final extension at 72°C for 15 min (to ensure all PCR products are
"flushed"). I
The results of amplification are shown in figure 3.7.2 A.
F ig u re  3,7.2 3 R A C E am plification  o f pea firs t s tra n d  cDNA
using T aq  po lym erase
The figure shows the results of PCR amplification of reverse first strand cDNA as 
described in section 3.7.1.1 using various amounts of target and different prim er 
combinations.
Figure 3.7.2 A shows the result of 3" RACE using first strand cDNA which was 
reverse transcribed from pea poly(A)+ RNA as suggested by the 3 ' RACE kit instruction 
manual (2.2.19.1). Figure 3.7.2 B shows the result of amplification of cDNA synthesized 
using the modified protocol described in 3.7.1.1. Half of each PCR reaction was resolved 
on a 1% agarose TAE gel along with marker (100 bp ladder, lanes M).
The full length products (a doublet of -1400 and 1320 bp) are indicated on figure
3.7.2 A. The resolution is not sufficient on figure 3.7.2 B to show the presence of a 
doublet (which was visible by eye). The results show that the yield of full length 
products has been vastly improved by modifying the reverse transcription reaction.
Fulllengthproducts
1 2 3 4 5 M size
(bp)
600
100
600
100
M 6 7 8
Fulllengthproducts
Target cDNA
Lanes 1,3 First strand cDNA (2 pi neat) prepared according to section 
2.2.19.1 (following manufacturer's protocol)
2.4 As above (2 |il of a 10-fold dilution)
5 50 ng pea poly(A)+ RNA (-ve control)
6 First-strand cDNA (2 jil neat) section 2.2.19.1, modified protocol
7 As above (2 |il of a 10-fold dilution)
8 50 ng pea poly(A)+ RNA (-ve control)
Prim ers (see Fig. 3.7.1)
Lanes 1,2,5,6,7,8 GSP + UAP
3.4 GSP+AP
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It can be seen from the figure that two bands of approximately 1400 and 1320 bp.
However, these bands are very faint when compared to the ladder of smaller PCR 
products. It was suspected that these products represent truncated 3 ' RACE products 
(the largest, at -500  bp, is far too small to represent an alternatively spliced MTase 
mRNA).
Truncated 3' RACE products arise because of internal priming by the adapter 
primer during reverse transcription to internal A rich regions of the mRNA. Because 
these truncated products are much shorter than the full-length species, they compete 
very effectively during amplification and become the predominant PCR products.
The reverse transcription reaction used 10 pmol of Adapter Primer, which is in vast 
excess over the mRNA (-15:1 molar excess, assuming the average mRNA is 2 kb).
Under the low stringency used for reverse transcription (37-42°C), a stretch of A 
residues as short as 6 nucleotides Is sufficient to prime synthesis. Frohman (1994) 
recommended the use of 2.5 pmol adapter primer (for 1 |ug mRNA).
On the basis of this information, it was decided to reduce the prim er 
concentration to 1.2 pmol (for 0.5 p,g mRNA). Also, the temperature of the reverse 
transcription was raised to 45“C (the maximum temperature recommended for use 
with Superscript). PCR amplification was carried out using identical PCR conditions 
and parameters to the ones described above. UAP was selected as the downstream 
primer because it gave the most specific amplification when a 10-fold dilution of 
template was used (Fig. 3.7.2 A). The results of amplification are shown in figure
3.7.2 B. A vast improvement in efficiency of amplification of the full-length products 
has been achieved (the doublet is not resolved very well on this gel).
The next stage was to clone and sequence the full length 3' RACE products.
However, it was decided first to attempt am plification using an alternative 
thermostable polymerase to avoid the possibility of sequence errors due to Taq 
misincorporations (even though conditions had been used which minimise the 
number of misincorporations, i.e. low [dNTP]).
The therm ostable polym erase selected was P fu  DNA polym erase
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(Stratagene). This enzyme, like Vent polymerase (and unlike Taq) has a proof 
reading ability in the form of a 3 '- 5 ' exonuclease activity. The proof reading DNA 
polym erases are believed to produce errors much less frequently than Taq  
polymerase (Eckert and Kunkel, 1991). In a study by Lundberg et al. (1991), the 
error rates of Pfu  and Taq  polym erase were compared. Twenty cycles of 
amplification were carried out and the concentration of each dNTP was 200 |uM. The 
error rate (per nucleotide) for Pfu polymerase was calculated to be 1.6 x 10“^, 
whereas that for Taq was 2.0 x 10"^. If a 1 kb fragment is amplified for 20 effective 
cycles, 3.2% of Pfu generated PCR products and 40% of Taq generated products 
will contain m utations. Extrapolating this to the 3 ' RACE experim ent (i.e. 
amplification of a -1.5 kb fragment using 30 cycles), 90% of Taq generated products 
will contain mutations whereas only 7.2% of Pfu generated products will contain 
mutations. Of course, this assumes that the error frequency is independent of cycle 
number, and that amplification is exponential throughout the 30 cycles (the latter 
assumption is probably not correct, i.e. the number of doublings will be less than the 
number of cycles). However, it is likely that the majority of Pfu amplified RACE 
products will be free of misincorporations.
3' RACE using Pfu polymerase will be described in the next section.
3 .7 .1 .2  3 ' RA CE using P fu  po lym erase
3 ' RACE was carried out using pea first-strand cDNA prepared using the modified 
protocol for reverse transcription (described in sections 2.2.19.1 and 3.7.1.1). 
Native Pfu polymerase (Stratagene) was used for PCR amplification under the buffer 
conditions described in section 2.2.19.3). 10 pmol each of the GSP and AP were 
used as primers (Fig. 3.7.1). AP had to be used instead of UAP as the downstream 
primer because Pfu polymerase will not copy from templates containing uracil 
residues. Thermal cycling (again using the Appligene Crocodile thermal cycler) was 
as follows;
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1. The reactions were heated to 95“C for 5 min, then cooled to 75°C for 5 min, 
during which time the Pfu and mineral oil (which was pre-heated to 75°C) were 
added.
2. The initial annealing step was at 58°C for 10 min followed by an extension 
step at 75“C for 80 min. A longer annealing step at a lower temperature is used 
because the salt concentration in the 1 x Pfu buffer is less than that used for Taq (10 
mM KCl as opposed to 50 mM KCl). Stratagene recommend that the annealing 
temperature should be 5 -1 0°C lower than that used for Taq. It was decided (to keep 
the annealing conditions as stringent as possible for the initial round of amplification) 
that the annealing temperature should be 6°C lower than the calculated of the GSP 
(= 64°C, minus the two 5 ' adenosines). Stratagene also recommend annealing steps 
of 5 min, and this was doubled for the first round of amplification. Extension is 
carried out at 75°C (the optimum temperature for Pfu). The extension time was twice 
that used for Taq (3.7.1.1) because of the lower processivity of Pfu.
3. 30 cycles of the following were carried out: [95“C for 1 min, 60°C for 5 min, 
75”C for 10 min]. A denaturing step of 95°C could be used because of the superior 
thermostability of Pfu. The annealing temperature could be decreased in subsequent 
experiments, should it prove to be too stringent.
4. A final extension of 75°C for 1 h.
The results of 3 ' RACE using Pfu polymerase are shown in figure 3.7.3. A 
doublet of full length 3 ' RACE products (of molecular ' sizes , -1400 and 1320 bp) 
can clearly be seen. For comparison, a sample of Taq amplified 3 ' RACE product 
was loaded in parallel. Unfortunately, this sample has been somewhat overloaded so 
the doublet was not resolved on the photograph (though it was visible by eye), and 
the bands slightly displaced. However, since the pattern of truncated products was 
identical, I was confident that the same pattern of amplification was being achieved 
with Pfu and Taq. The next stage was to clone the full length Pfu 3 ' RACE products 
in pBluescript for sequencing. (The term "full length" is used to distinguish the 3 ' 
RACE products from truncated products which are an artifact of 3 ' RACE).
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Figure 3.7.3 3' RACE am plification of pea first strand cDNA  
using Pfu  polym erase
M 1
600
100
The figure shows the results of 3' RACE amplification of first strand cDNA which 
was reverse transcribed from pea poly(A)+ RNA following the modified protocol 
described in section 3.7.1.2.
Lanes 1 and 2 are duplicate 3 ' RACE reactions, amplified by Pfu polymerase 
(section 3.7.1.2), using GSP and AP as primers. Lane 3 is a sample of a 3' RACE 
reaction amplified by Taq polymerase (section 3.7.1.1), using GSP and UAP as 
primers. Half of each PCR reaction was resolved on a 1% agarose TAE gel along 
with 0.5 |ig 100 bp ladder marker (lane M).
Similar results are obtained with Pfu and Taq, though Taq amplifies more 
efficiently. The doublet consisting of the two full length products (apparent molecular 
sizes -1400 and 1320 bp) are clearly visible in lanes 1 and 2.
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3 . 7 . 2  Cloning the 3" RACE products (amplified by Pfu)  into
pBluescript II KS+
The other halves of the duplicate 3 ' RACE reactions (shown in Fig.3.7.3) were 
resolved on a 1% LMP agarose TAE gel. The doublet consisting of the full length 3 '
RACE products was excised from the gel (the doublet could not be separated) and
'Ipurified using the Geneclean II kit (section 2.2.6). As mentioned earlier, the GSP G
was designed to incorporate a P stl site at its 5" end (Fig. 3.7.1) which occurs 
naturally in the cDNA, to facilitate cloning of the RACE products. The idea was to 
digest the 3" RACE products with Pstl (which cuts the GSP) and Sail (which cuts 
the AP), and ligate into pBluescript.
Aliquots of the purified 3 '  RACE products were digested with either Pstl or 
Sail and resolved by agarose gel electrophoresis. Unfortunately, Pstl did cleave both 
the 3 ' RACE products internally and therefore could not be used as a cloning 
enzyme. However Sail (which cleaves eukaryotic DNA relatively infrequently for a 
6-cutter) did not cleave either RACE product internally.
The alternative cloning strategy was to cut the RACE products with Sail 
alone, then ligate into Sail + Smal digested pBluescript II KS+ {Smal gives a blunt 
end). Unlike PCR products amplified with Taq, which usually have protruding 3 ' 
ends, Pfu amplified PCR products have blunt ends, thus simplifying blunt-ended 
cloning. This cloning strategy was also undertaken because ligation into the Smal 
and Sail sites of pBluescript II KS+ also directs the RACE products to be cloned in 
an antisense orientation. This was to ensure success in cloning, since problems with 
cloning MTase cDNA fragments in the sense orientation were anticipated (see section
3.6). The purified 3' RACE products mentioned above were digested with Sail, 
which was then heat inactivated at 70°C for 15 min. The DNA was then purified 
using the Geneclean II kit (section 2.2.6). The DNA was then ligated into 
pBluescript II KS+ which had been digested with Sail and Smal. Ligations were 
carried out as described in section 2.2.7, using an increased amount of ligase as
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appropriate for blunt ended ligation. The ligation mix was used to transform  
competent E.coli strain XI 1-Blue (section 2.2.8). A number of white colonies were 
selected for overnight culture and small-scale preparation of plasmid (section 
2.2.9.1). The plasmids were digested with Pvull (Pvull has two sites in pBluescript 
II KS+, at positions 529 and 977, which flank the multiple cloning site). Only 7 
recombinants contained inserts approximating to the size of the 3 ' RACE products. 
Three of these recombinants (digested with fv n ll) are shown in figure 3.7.4. As can 
be seen in the figure, in each case the insert has been cleaved in two by Pvull. The 
smaller fragment was the same size for each recombinant, whereas the size of the 
larger fragment varied between recombinants. Three types of recombinant plasmid 
were obtained as judged by size estimation of the larger insert-derived fragment. 
Representative clones from each group were selected for sequencing; these are the 
ones shown in Fig. 3.7.4. Three examples of clone Pfu 1 and Pfu 3 were identified 
in total (as judged by size estimation of the larger insert-derived fragment obtained 
upon digestion with P v m II, whereas only one example of Pfu 2 was identified.
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Figure 3.7.4 PvmII digests of 3' RACE products cloned into 
pBluescript II KS+
M 1 2 3size
(bp)
6 0 0 -
200 -
— vector
-  insert
Samples of each recombinant plasmid (clones Pfu 1, 2 and 3) were digested with 
P v m II and resolved on a 1% agarose TEE gel (section 2.2.5) along with marker DNA 
(100 bp ladder). The insert from each clone has been cleaved in two by Pvull. The 
smallest (insert-derived) fragment in each case was estimated to be 710 bp. The 
largest insert-derived fragment varied in size between the different clones, and was 
estimated to be 1100, 1050 and 1010 bp for clones Pfu 3, 2 and 1 respectively.
Lane 3: clone Pfu 3 digested with Pvull
2: clone Pfu 2 "
1; clone Pfu 1 "
M: marker (100 bp ladder)
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3 . 7 . 3  Sequencing the cloned 3 '  RACE products
Sequencing of the cloned 3 ' RACE products (clones Pfu 1, Pfu 2 and Pfu 3) was 
carried out manually using the Sequenase II kit (USB). Initially, M l3 (-20) 
Universal and Reverse sequencing primers (Pharmacia) were used on single-stranded 
and double-stranded templates respectively, as described in section 2.2.20. Because 
the products were cloned in the antisense orientation in pBluescript II KS+, the 
antisense strand of the insert is the sequencing template when M l3 Universal primer 
is used, and the sequence data generated corresponds to the sense strand in the 5 "-3 ' 
direction. The three clones were found to have identical sequence at the 5" end but 
not at the 3 ' end. It was therefore decided to continue sequencing manually on single­
stranded template (plus strand) using a 'primer walking’ strategy (the sequencing 
primers were synthesized by Pharmacia). A picture of part of a sequencing gel is 
shown in figure 3.7.5.
Each clone was found to be absolutely identical in sequence, except at the 
extreme 3 ' end, where the variability in fragment size was found to be due to 
alternative polyadenylation sites in each of the three clones. Ideally, the clones should 
have been sequenced in both directions. However, as there were no problems with 
sequencing artefacts (such as band compressions), and the fact that the clones were 
identical for the most part, thus acting as internal controls, sequencing the opposite 
strand was deemed not to be necessary. Where the clones differed at their 3' ends, 
sequencing of the opposite strand was carried out (i.e. with the Reverse primer).
The overlapping sequence data was assembled to form a contiguous 
sequence, which was then translated in 3 forward frames, starting from the natural 
PstI site of the gene-specific primer (Fig.3 .7 .lu). Frame 3 was found to be the 
correct reading frame as expected (i.e. it consists of an ORE which codes for all the 
conserved motifs from IV-X). The sequence of the longest clone (translated in the 
third frame) is shown in figure 3.7.6. Also illustrated are the polyadenylation sites 
used in the shorter 3' RACE clones, Pfu 1 and Pfu 2.
1 7 1
Figure 3.7.5 An example of sequence data for the cloned 3
RACE products
Pfu 3 Pfu 1
G A T C G A T C G A T C
S8S
Part of a sequencing gel showing the extreme 3' end of the cloned 3' RACE products 
(clones Pfu 1, 2 and 3) is shown. The arrows indicate the start of the poly(A) tails 
for each clone. The sequence of each clone is absolutely identical except for the 
extreme 3' end, where differences in sequence are due to the use of different 
polyadenylation sites in each clone.
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Figure 3.7.6 Sequence of the cloned 3' RACE products
Tlie figure shows the sequence of the longest pea MTase 3 ' RACE clone (Pfu 3), along 
with the predicted sites of selected enzymes (six-cutters only).
The sequence of the gene-specific primer (Fig. 3.7.1), ignoring the first two 
adenosines, is in upper case and is underlined. This prim er was used as the upstream 
primer for 3 ' RACE.
The sequencing primers designed from the sense strand sequence were as 
follows;
SEQ 1 5 ' CCTCTTGGAGAATGTGA 3 '
SEQ 2 5 '  ATGTCCAGTATGCTGCC 3 '
SEQ 3 5 '  GATTGGCGTGATCTTCC 3 '
SEQ 4 5 '  AATGCGCCCGATCTCAA 3 '
These sequences are shown in upper case and are underlined in the figure
The translated sequence (frame 3 ORE) is shown below the nucleotide sequence. 
The conserved motifs identified (IV to X) are indicated in bold and are underlined. Motif 
V is absent, which is also the case for the other eukaryotic MTases cloned so far.
The polyadenylation sites of the two shorter clones (Pfu I and Pfu 2) are 
indicated by arrows.
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Motif IV
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Motif VI
X h o l
a a g g a c a g a c t t t c c g t t t a a c t t t g g c t t c a c t t c t c g a g a t g g g t t a c c a g g t g a g g t
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Motif VII
X h o l
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781 ------- +-------- +--------+------- +-------- +-------- + 840
P H T A K R H N Q W K G L F G R L D W Q -
a a g g g a a t t t c c c a a c t t c c a t c a c c g a c c c t c a a c c a a t g g g g a a g g t t g g a a t g t g c t
841 --------+-------- +--------+------- +-------- +-------- + 900
G N F P T S I T D P Q P M G K V G M C F -
E c o R l  SEQ 4
t c c a t c c c q a t c a a q a t a q a a t t c t t a c t q t t c a t q A A TG C G C C C G A T C T C A A a a c t t t c
901 --------+-------- +--------+------- +-------- +-------- 4- 960
H P  D Q D R I L T V R E C A R S Q G F P  -
Motif IX
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D H Y Q F S G N I I H K H  R Q I G N A V  -
Motif X
t t c c t c c t c c t c t : g g c a t t t g c a t t a g g a a g g a a a c t c a a g g a a g c a t t g g a t a g t : a a g a  
P P P L A F A L G R K L K E A L D S K S -
g c g c c a a t t a g a g g a t t a g g g c g c a t c t t t c a a a a a g c a t c t t t t t a t c a t a t a g t t t t g
A N *
t c t t t c a g t g t : t c t g g a a a c a a c c c a a c c c t t g t a t a t a g t t g t t t t c t t g g c t : a t t t t t
D r  a  I
c t t a g t t t a a t c a a t t c t t t g t t t a a a a g g a t t g a t g g a a t g g a t t a t g c t a t a a a a c t c
Pfu 1 poly(A) Pfu 2 poly(A)f   fa t t t t t t c t a t c a a t t t g g g g t t t c t c t t g g t t a g g t g a t a a t t t t g c t g t t a c t t t a t g
Pfu 3 poly (A)Ta a a g a a a t g a t t g g a a t a t t a c c t t c c a a t g t a g t t c a a t t c g a c c
E n z y m e s  t h a t  d o  c u t  ( s i x  c u t t e r s ) :
DraI DCORI HindiII PstI PvuII Xhol
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3 . 7 . 4  Discussion of the 3 '  RACE experiment
A number of conclusions can be made about the results of the 3 ' RACE experiment.
1. The sequence of all three cloned 3 ' RACE products is identical to that of the 
pea MTase-specific PCR products amplified using degenerate primers (excluding the 
degenerate primer sequences), which were described in the previous section (see Fig.
3.6.6). Because the upstream gene-specific primer was designed on the basis of 
sequence data of a MTase clone isolated by Sriharsa Pradhan, this proves that both 
the degenerate PCR amplified fragments and the cDNA clone isolated on the basis of 
N-terminal sequencing of the CWG MTase originate from the same pea MTase 
mRNA. Only one mRNA hybridised on the northern blot (Fig. 3.6.11), the degree 
of resolution being insufficient to distinguish alternative polyadenylation sites.
2. As mentioned in section 3.7.3, the three 3 ' RACE clones isolated were 
absolutely identical in sequence and differed only in the choice of polyadenylation 
site. Three classes of clones were identified on the basis of the size of the largest 
insert-derived fragment obtained upon digestion with PvuU. The number of poly(A) 
tail derived adenosines was 25, 41 and 28 for clones Pfu 1, 2 and 3 respectively. In 
the reverse transcription step of the 3 ' RACE reaction (where there is an excess of 
oligo dT primer), primers annealing nearest to the polyadenylation site will be 
preferentially reverse transcribed to form full length cDNA. This is reflected in the 
fact that both clones Pfu 1 and 3 contain relatively short stretches of the poly(A) tail. 
Clone Pfu 2 on the other hand has a slightly longer stretch of adenosines. This has 
led to this particulai’ clone being distinguished from the members of the shortest class 
in terms of insert size. It is quite probable that other members of the shortest class 
have the same polyadenylation site as Pfu 2, but could not be distinguished in terms 
of insert size. It is also possible that other polyadenylation sites exist. The use of 
alternative polyadenylation sites has also been reported for Arabidopsis  MTase 
mRNA (Finnegan and Dennis, 1993). The existence and significance of alternative 
polyadenylation sites will be discussed in more detail later.
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The possibility that the other 4 clones which were not sequenced were 
alternatively spliced within the variable region was excluded by digesting samples of 
each clone with F c d RI. This enzyme contains one site within the insert, at the 
beginning of the region specifying motif IX (Fig. 3.7.6). The vector EcoRl site lies 
outside the Smal site (Fig. 2.1.2), into which the 5" end of the RACF products have 
been cloned. Digestion of all 7 clones yielded a single fragment, of -930  bp, which 
is the size expected from the sequence data (Fig. 3.7.6). The size of this fragment 
appeared the same in each case, which shows that the variablity in size does not lie 
within the 5 ' end (including the region specifying the TRD) of the cloned RACE 
products.
3. These experiments provided no evidence for alternative splicing events 
occurring in the 3 ' end of pea MTase. To exclude the possibility that alternatively 
spliced forms have’ been 'missed' by the cloning procedure, a sample of the gel- 
purified uncloned 3 ' RACE products was digested with TTcoRI. However, only one 
band of apparent molecular weight -920  bp was visible, which corresponds to that 
predicted by the sequence of the cloned 3 ' RACE fragments. This proves that the 
heterogeneity giving rise to the doublet in the 3 ' RACE product arises from 
alternative polyadenylation sites only. This however does not exclude the possibility 
that alternative splicing giving rise to very small changes in the size of this fragment 
might occur; this might be revealed by direct sequencing of the PCR products.
It was also possible that the region corresponding to the gene-specific primer 
is excluded in a differently spliced mRNA. To test this, sequencing primers I and 2 
were used in an analogous 3 ' RACE experiment (using Taq polymerase). The 
protocol had to be modified because of the shortness of the primers, i.e. the 
annealing temperature was decreased to 50°C. The reaction was found to be very 
inefficient and to visualise specifically amplified bands, the gel was blotted and 
probed with the insert of the cloned 3 ' RACE product, Pfu 3. This was obtained by 
digesting clone Pfu 3 with BcwiHl (which cuts outside the Smal site into which the 
5 ' end of the insert has been cloned) and Sail (which is the cloning site of the 3 ' end
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of the insert). Neither o f these enzymes cleave the insert internally (see Fig. 3.7.6). 
The results are shown in figure 3.7.7. Apart from truncated products, two bands 
were found to be amplified with both SEQ 1 and SEQ 2 primers. The sizes were 
-1 2 0 0  and ~ 1 100 for SEQ 1 and -9 5 0  and -8 5 0  bp for SEQ 2. The size o f the band 
obtained with the control primer (i.e. the original primer used for 3 ' RACE (oligo 
1838; Fig. 3.7.1) was -1 3 0 0  on the autoradiograph (the doublet could not be 
resolved). These values agree with those expected from the relative positions o f SEQ 
1 and SEQ 2 and show no evidence for an alternatively spliced mRNA, assuming 
there would still be heterogeneity o f polyadenylation sites in the alternatively spliced 
molecule.
3 . 7 . 5  Sequence com parisons between the pea M Tase 3' RACE
product w ith other M Tases
First of all, a FASTA search was carried out using the translated sequence of pea 
M Tase (Fig. 3.7.6) with the SwissProt database on GCG. N ot surprisingly, the best 
m atch was found with Arabidopsis MTase, followed by human and mouse MTases. 
O f the prokaryotic sequences which matched, only one sequence QABanT) had an 
alignm ent which spanned the variable domain. Using the Pileup program  in GCG, a 
multiple alignment was created between the C-tenninal end o f  the eukaryotic MTases 
and selected prokaryotic t\q)e II C5-cytosine MTases. This is shown in figure 3.7.8. 
The prokaryotic enzymes selected for comparison were M.BmzI (sequence specificity 
= GGYRCC) because it gave the best alignment (out o f the prokaryotic MTases) with 
the pea MTase sequence in the FASTA search, M.SssI (sequence specificity = CG) 
because its recognition sequence is identical to that of the mammalian enzymes, and 
M .F co R n  (sequence specificity = CCWGG). The latter enzym e was chosen as an 
example of a bacterial CWG MTase (no bacterial MTases ha\ e been identified which 
recognise just the m otif CWG). yi.H ha l (sequence specificity = GCGC) was also 
included because its co-civstal structure has been solved (see section 1.4.2).
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Figure 3.7.7 3 ' RACE experiment using SEQ 1 and SEQ 2
prim ers
3 ' RACE was carried out using Taq polymerse as detailed in section 3.7.1.1, using 
either SEQ 1 or SEQ 2 as the upstream gene-specific primers (Fig. 3.7.6) and UAP 
as the downstream prim er (Fig. 3.7.1). The upstream gene-specific primer used in 
previous experiments (oligo 1838) (Fig. 3.7.1) was also used in a control PCR 
reaction. The PCR parameters were identical to those described in section 3.7.1.1, 
except that the annealing temperature was reduced to 50°C.
The PCR products wrer resolved on a 1% agarose TAB gel along with marker 
DNA (100 bp ladder). The gel was then blotted and probed at high stringency with 
the insert from clone Pfu 3 (see Fig. 3.7.6), which was obtained by digesting Pfu 3 
with BamH l and Sail,
The amplified doublet was of the expected size in each case; the position of 
each doublet is indicated by an arrow.
M 1 2 3
600  —
Lane M marker DNA (100 bp ladder)
Lane 1 
2 
3
Upstream primer
oligo 1838 
S E Q l 
SEQ 2
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Figure 3.7 .8  Sequence alignment between pea M Tase and other
M Tases
The predicted amino acid sequence o f the cloned pea MTase 3 ' RACE product was 
aligned with other MTases using the Pileup program of GCG (the default parameters 
were used, i.e. gap creation penalty = 3, gap extension penalty = 0.1). This program 
creates a multiple sequence alignment from  a group of related sequences using 
progressive pairwise alignments. The MTases used for the Pileup and their sequence 
specificities (either known or inferred) are as follows:
Pea MTase mcW G or ^C G  (?)
Mouse MTase *^CG
Human MTase *”CG
Arabidopsis MTase "^CG or *^CNG (?)
M.Banl GYR^CC or GGYRC«^C (?)
M.EcoRlI CmCWGG
M .Sssl m cG
M.Hhal G ^C G C
The positions of the conserved motifs are indicated above the alignment, and the 
prokaryotic consensus shown below. The consensus identified by Posfai et al. (1989) is 
indicated under the motifs II, III, V and VII, although these have since been shown to be 
less well conserved. U nder the remainder of the motifs is depicted the consensus 
identified by W ilson, 1992 (which was derived from com parisons between 30 
prokaryotic MTases). Amino acids occurring in 50% or more of the MTases are indicated 
in plain text; those occuning in 75% or more of the MTases are indicated in bold. In the 
case of m otif II, where the eukaryotic motifs fail to align with their prokaryotic 
counterparts, the eukaryotic motif II is indicated separately (lie). M otif II of M .Sssl is 
also indicated separately (Ils).
The boxed amino acids are absolutely identical to the pea MTase sequence.
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Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.ScoRII 
M.Hhal 
M.Banl 
M.Sssi
1 50
EAWDFKAVQ ÜRCTVEYGED LPECVQVYSM GGPNRFYFLE AYNAKSKSFE 
EAWNFSDVQ GRCTVEYRED LLESIQDYSQ GGPDRFYFLE AYNSKTKNFE 
TWLPPGALE GKCEVRKKSD MPLSREY. .P ISDHIFFCDL FFDTSKGSLK
.MSEFELLAQ DLLEKAEAEE QLRQENDKKL LGQVLEIYDQ KYVAELLRKV
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M.BanI 
M.SssI 
Consensus
51 100
DPPNHARSPG NKGKG..... KGKGKGKPKS QACEPSEPEI EIKLPKLRTL
DPPNHARSPG NKGKG  KGKGKGKGKH QVSEPKEPEA AIKLPKLRTL
QLPANMKPKF STIKDDTLLR KKKGKGVESE lESEIVKPVE PPKEIRLATL
GKNEWSRETL NRWINGKCSP KTLTLAEEEL LRKMLPEAPA HHPDYAFRFI
......MIEI KDKQLT...........GERFI
............................ MKIKFV
 ...............MSKV ENKTKKLRVF
150
Human 
Mouse 
A r a b id o p is i s  
Pea 
M.BcoRII 
M.Hhal 
M.Banl 
M.S s s I  
Consensus
101 r
DVFSGCGGLS EGFHQA...........................GI SDTLWAIEMW
DVFSGCGGLS EGFHQA...........................GI SETLWAIEMW
DIFAGCGGLS HGLKKA    GV SDAKWAIEYE
DLFAGIGGIR KGFETI........... .
DLFAGLGGFR L ALE SC........... .
DLFAGIGGIR IGFERA........... .
EAFAGIGAQR KALEKVRKDE YEIVGLAEWY VPAIVMYQAI HNNFHTKLEY 
-LF-G-G
IIS
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M .BanI 
M .SssI 
Consensus
DPAAQAFRLN
DPAAQAFRLN
EPAGQAFKQN
151  lie II__________  200
NPGSTVFTED CNILLKLV..................... b#3E
NPGTTVFTED CNVLLKLV..................... MA3E
HPESTVFVDN CNVILRAIME KGGDQDDCVS T T E M ^ A ^
.......................................................................................................    Ja e^ l a s k
.G..... GQ CVFTSEWNKE AVRTYKANWF NDAQEHTFNL DIREVTLSC^K
.G..... AE CVYSNEWDKY AQEVYEMNF.........................
.AKRFELETE CVLSSEIDKK ACETYALNF........................
KSVSREEMID YLENKTLSWN SKNPVSNGYW KRKKDDELKI lYNAIKLSE. 
—V — SE—D —  A——TY
III
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M .SanI 
M .SssI 
Consensus
201  
TTNSRGQRpP 
VTNSLGQRLP
:e e q k s t
JÙLQK
QK
LP
VE MLC 
VE MLC
GPPCQG
GGPPCQG
250  
S
s
TIFGTTTTQVD FINGGPPCQG 
DKDLNS'ilP LPG. . . .QVD FINGGPPCQG
PEVPENDAYA YINEHVPDHD VLL^SB'PCQP 
GEKPEGDITQ VNEKTIPDHD ILCASFPCQzi 
KEEPQGDIHE ITS . . FPEF D^LLi^Gf PCQ ? 
KEGINFDIRD gYKRT LKN i g L L T  Y S FPCQ 3 
-Dl—  - D -L-GGFPCQ-
FSGMNR.............FN;
FSGMNR.............FNS
FSGMNR.............FN3
FSGMNR.............FN^
FSLAGVSKKN SLGRAHGfjËC
FEISGKQK......... GEE.
FEYAGKQQ..............
lyQQGIQKGM K R.....GS
FS-AG-R-G
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M .BanI 
M .SssI 
Consensus
VSFFKNSL W S F L S
SF FKNSL W S
j a
WSKVQCEM 
STWSKVOCEM
FL
ILAFLSFADY
ILAFLSFADY
YCp3 Y|RPP|FjELLEN VRNFVSdï 
YC3^_YRPRFALLEN VRNFVS^
^LL HKRS 
’ sIyRRS
150
MVLKjLTlkcp 
MVLKLTLRCL
EAQGTLFFDV
DSRGTLFFDI
dïÎRGTLFFj^
D-RG-LF-
ARII....RA 
ARIV..,.RE 
ERVL....RD 
EI#LDSTEKN
FRPRYFLLEN VRNFVSFNKG
AiIfRlEN \#'{L3sÈÎ%G
HDN
FRPRYFLLEN VP^VSFNKG QTEjOLTLASL
QTFRLTLASL 
^jKVIMDljL
K W F EN V
EN V I^HDK^
ALLHKKNE
M
PI
LEWKNTM
LKTIISiC
EELNQWKQKL
PK-F— EN VKG
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Human
Mouse
A r a b i d o p s i s
Pea
M.BcoRII
M.Hhal
M.Banl
M.Sssl
C o n s e n s u s
VRMGY 
V^GY 
jEMGYQVRF.
TPBRAI
AEGEF
AFGEF
350
LFp
LFF
VSQ SRKRAFIWAAjAPQ^LPEWP 
EMGYQVRF.......... GI LEAGAFGVSQ SRKRAF IWAA^PBWLPEWP
Y EVADA AEMGÏCNDPKV IDGK
SF...........HAKV
)YL ......... L
ESHGYd...........NSIEV
ISSS
-GY"V-
PIVLVGF RRD. 
RIYMICF RND.
IY0LGI ---
g\@MIST LNg. 
LNA GVPQ -RER— I-G- R
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M.Banl 
M.SssI
351
Ë3IHVFA.PRA CQLSVWDDK KFVSNITRLS SGp 
EE|IHVF(tPRA CQLSVWDDK KFVSNITRLS SGP 
EPMHVF 3V|^K |lK^S .fEjSQGL H|YAAV|pjST^L [g A^ PF8?
ITVR
IT^R
DTMSE
DTMSC
ITVR DTI
400 
l^eQ i
EIQ
EPMHVFSAPE LKIT.LAENV OYAAVCSTAN GAPLRAITVR DTIGELPAVGm
. . . .LNIHQG FTLR...............DIS R. . . . . .FYP EQRPSFGELL
 LNI.QN FQFPKPF........... ElQ T .......FVK gLLLPDSE0E
 LC@KgK @TI@SNVGAA DSHKYKNEQI S ...... LFD ESYATVKDIL
 F  VELPKG............................D KKPKSIKKQl
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRIl 
M.Hhal 
M.Banl 
M.SssI
401
NGASALEIS
NGAS NSEIP
450
NWRATVQVPE AAARI..TLP 
K ....... EV A5^NFQB|EpR
AHPQGPYE
NELKGN..TIALTD H:
NGASRTNMEY Q ....... SD PISWFQKKIR GN. .MAVLTD HISKBMNELK
E P W D S K Y ............. I LTPKLWEYLY
HLVIDRK....................... DLVM
EDSPSEKYRC SDEFIGQlgK WGNNFELLH 
Q k IVSEK....................DILNNLL
NYAKKHAAKG NGF.. 
ÎEIEQlgp KTV..
:r l i d y r g g  n s i h .
KYNLTEFKKT KS.N.
Human 
Mouse 
A r a b i d o p s i s  
Pea 
,BcoRII 
M.Hhal 
M.Banl 
M .SssI
M
451
AARMRH 
 H
LIRCKL
LA
LF
PGS
PG
DWRDLPN lEVRLSblTM ARKLRYTHHD
DWRDLP
pgadwQ^lp IQK ifrl
500
RKNGRSSSGA
D3VI ADKLQYTFHD VKNGYSSTGA
LIRCQKIPKR PGCDWRDLPD EKIKLSTG.
.GFGLVNP 
.RLG
ENKE .SI
.SWELG 
.gWKASLIG
^ G K  C@2GERIYST RGIA..............................
qKGD CTREEIEFLN Qljl^RRKKI YGTHQDGKAL TLEQIRTFYN
501
Human LRGVCSCVEA GKACDPAAPp 
Mouse LRGVCSCAE. GKACDPESPQ
FNl
F Sl
LIPWCLP HT 
LIPWCLP HT
A r a b i d o p s i s  ...................... R VEEl^IpgCLP 0lqE
PHKI 
RHE
BHFlGK
Hf'lA 
W
550
3RLEWDG
3RLEWDG
RLDWQG
Pea ...................... p LVd l i p w c l p HTAKRHNQWK GLFGRLDWQG
M.EcoRII 
M.Hhal 
M . BanI 
M . SssI
......................... RTLSARYHK DGS........... Elj^
......................... ITLSA  YGG........... glF. . . .
HDQLEVIIKS LLQKGYLREE ENKFNgvg3N MSF............EVFKFLD
 .......................... YSK FNS............ EGYVYDP "s
Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M.Banl 
M . SssI 
Consensus
551
TT\
TT\
FPT TT7PQ
IX 600
PMGK 
PMGK 
PMGKVG
VIH HPW S
HPWS
HRTCT
VR ECARSQGFPD 
VR ECARSQGFPD 
VR ECARSQGFPD
..TYRLF
.S
.S
NFPTSTTDPQ PMGKVGMCFH PDQDRILTVR ECARSQGFPD
ECApir~
YRFFG
YE G
IDRGWDMATG
AKTGGYLVNG
pds i|sI t|l t s
EfÊlTGPTLTAS
ETDFANEENQ AHRE
KT...........
SDAHKLGWQ NNVP 
GANSRIKIKD GSNI
R ECAF 
R ECAPj 
KMNSDjj^TFLYl
LM3EEK
GFPD
■HYQFSG
R-LT-R E-ARLQ-FP
VDGRPFRIPV
 ^ V H P
 DFILHS
QDGKRVNEIE
:
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Human 
Mouse 
A r a b i d o p s i s  
Pea 
M.EcoRII 
M.Hhal 
M.Banl 
M.SssI 
Consensus
601
LEteHROV. 
LD^RCV.
iKHRorr
HKHRQI.
SDTQS%dF7"
STSQAY^ F. 
gDNFAYKQL. 
FLTENQKIFV 
Y-Q-
.GNAVPPPLA 
.GNAVPPPLA
. GNAVPPP LA HeOTGRKLKEA 
■ GNAVPPPLA FALGRKLKEA LDSKS
GNEWv^ HvF !^ ?jvÂ] KIpjEp
;n^
GN
VVINVL QYIAYNIGSS
650
SAS A..KIKEEEA 
SARESAS AAVKAKEEAA
SPQHQ P * ........
***
K|A\^JADS CKVERI* 
KPY*...............
3 V T V K W  EKVIEI&QN NVNELFGQMK LANW*..
G^ISVEVL ngiIlgÎGG*
GN-V-V
Human
Mouse
A r a b i d o p s i s
Pea
M.EcoRII
M.Hhal
M.Banl
M.Sssl
651
AKD*
TKD*
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It is obvious from figure 3.7.8 that the eukaryotic MTases form a class of 
their own in terms of sequence conservation in the C-terminal catalytic domain (over 
the range studied). Using the program BESTFIT, The predicted pea MTase amino 
acid sequence was found to share 84% similarity and 77% identity With Arabidopsis 
MTase, and 72% similarity and 52% identity at the amino acid level with human 
MTase. As a group, the eukaryotic MTases share regions of identity with the 
prokaryotic enzymes only in the highly conserved motifs (i.e. I, IV, VI, VIII, IX and 
X), and also motif VII. Motifs III and V are absent in eukaryotic MTases. M otif II 
can be identified in the eukaryotic enzymes but it is dissimilar enough from the 
prokaryotic consensus not to align with prokaryotic motif II. However, The same is 
true of motif II of M .to l .
Comparison of the variable domain (between motifs VIII and IX) revealed 
very little sequence similarity between eukaryotic and prokaryotic MTases, regardless 
of sequence specificity. M..Ban\, the most closely related prokaryotic MTase to^pea 
MTase identified in the FASTA search, had very little similarity in the variable 
domain; the reason the match spanned the variable domain is probably more a 
function of the similar size of the variable domain rather than its sequence.
M .^j-jl is an unusual prokaryotic MTase in that it methylates cytosines 
processively, as it interacts with duplex DNA irrespective of the presence of CpG 
sequences (Renbaum and Razin, 1992). In this sense, as well as in its target 
specificity, it is similar to the mammalian MTases. However, its amino acid sequence 
is quite dissimilar to the C~temninal domain of the mammalian MTases. It also differs 
from the mammalian enzymes in that it does not prefer hemimethylated targets over 
Linmethylated ones.
M .EcoRII is a member of a highly related group of prokaryotic MTases 
whose members methylate the inner cytosine of either CCWGG or CCNGG motifs. 
Members of this group share significant homology in the variable domain. Gopal et 
al. (1994) identified conserved segments in the variable domain in this class of 
enzyme, which interestingly were found to be similar both in sequence and in
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predicted secondary structure to the region of M.Hhal which is known to contact the 
DNA bases and confers sequence specificity (Klimasauskas et a i ,  1994). The fact 
that M .H hal has a quite different sequence specificity (= C ^C G C ) implies that 
MTases with differing specificities utilise a similar structural framework for sequence 
recognition. The variable domain from the plant MTases was compared (by eye) to 
that of the CCWGG/CCNGG group of enzymes. However, nothing resembling the 
consensus identified by Gopal et a i ,  (1994) could be found. Perhaps the apparent 
sequence sim ilarity  in the variable dom ain betw een M . H h a l  and the 
CCWGG/CCNGG group of MTases reflects relative evolutionary closeness of these 
enzymes. Sequence comparison of this sort was found to be uninfonnative about the 
sequence specificity of the plant MTases. The eukaryotic "pseudo DNA MTase" 
encoded by the pm tl'^  gene from S. pombe (Wilkinson et al., 1995; Pinabarsi et al., 
personal com munication) was also compared to the eukaryotic M Tases. As 
mentioned in section 1.5.4, the predicted amino acid sequence of this gene contains 
all the conserved motifs (1-IX) of the prokaryotic cytosine-C5 MTases, except that 
motif IV is altered. However, this enzyme bears little resemblance to the eukaryotic 
MTases (even less than some other prokaryotic MTases) and is therefore unlikely to 
be ancestrally related (comparison not shown).
Comparison of the variable domains between the mammalian and the plant 
MTases revealed a high degree of sequence similarity, albeit less than that of the 
conserved motifs. Interestingly, the mammalian enzymes contain an extra 40 amino 
acids inserted within a region which is otherwise highly conseiwed. Either this region 
has been lost by (dicotyledonous) plants or gained by mammals during evolution. 
The possibility that another MTase containing this sequence is present in pea as a 
result of alternative splicing has already been excluded. The fact that the surrounding 
amino acid sequences in the variable region are fairly well conserved between 
mammals and plants implies that this difference may have functional significance. It 
is possible that this difference in the variable region could be responsible for the 
different target specificities of the mammalian and plant MTases. It has been
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hypothesised that the multispecific C5-cytosine MTases encoded by Bacillus phages 
are able to methylate different target sequences because of conformational flexibility 
(Noyer-Weidner and Trautner, 1993). As we only have evidence for the existence of 
one MTase mRNA in pea (see chapter 4), it is conceivable that the absence o f this 
stretch of 40 amino acids allows two different conformations to be adopted in the 
variable region of the plant enzymes, which would give rise to either CG or CNG 
target specificities. Of course, the difference may merely represent the relative 
evolutionary closeness of the organisms from which the MTases were cloned, rather 
than the sequence specificity of the enzymes; the cloning of other plant and animal 
MTase cDNAs from more phylogenetically distant organisms would test the validity 
of this argument. Also, mammalian MTase has been shown to methylate CWG 
sequences in vitro, albeit to a small extent (Adams et al., 1993), and it has recently 
been shown that mammalian cells are able to methylate CWG sites in transfected 
plasmid DNA (Clark et al., 1995), so there may be other factors influencing target 
specificity of eukaiyotic MTases.
This discussion has so far neglected the possible influence of the N-terminal 
domain on the target specificity of eukaryotic MTases. It has previously been 
demonstrated that the N-terminal domain of mouse MTase suppresses de novo 
méthylation of CpG sites, as discussed in section 1.5.2. The N-terminal domain may 
also have an influence on sequence specificity in the plant MTases. As discussed in 
section 1.5.3, the CG and CWG specificities have been shown to reside in separate 
MTases in pea, even though there appears to be only one MTase mRNA. The 
different specificities could arise from differences in the N-terminal domain, which 
could be due to post-translational modification or the use of an alternative 
translational start site. One could envisage specific interactions between regions in the 
N-terminal domain and the variable domain that bring about the correct confonnation 
in the variable domain to allow sequence recognition. However, the exact nature of 
the N-terminal involvement in target specificity will only be determined once the 
ciystal structure of a eukaryotic MTase complexed with DNA has been determined.
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'3 . 7 , 6  A lternative polyadenylation sites in the pea M Tase mRNA
sjirUnlike animal mRNAs which usually have well defined 3 ' ends, plants generally |
have heterogeneous 3" ends which are spread over a region of up to 150 nucleotides 
in length (Dean et a l ,  1986). Moreover, mammalian polyadenylation signals function 
inefficiently and inaccurately in plants (Hunt et a i,  1987), which suggests that 3 ' end 
processing may be related but is not identical. In a study by Joshi (1987), less than
Ihalf of the plant genes examined contained a perfect copy of the metazoan AAUAAA
consensus upstream of the polyadenylation site. This is similar to the situation in
yeast, where about 50% of genes were found to contain the full consensus (Hyman y
et al., 1991). In plants, conservation of the AAUAAA motif is often limited to the 7
first 3 nucleotides (Ellison and Messing, 1988), though single mutations even in the
first 3 nt of the CaMV polyadenylation signal AAUAAA motif were shown to be
tolerated well (Rothnie et a i,  1994). Plant 3" end processing also differs from that of
mammals in that specific sequences downstream of the polyadenylation site do not
seem to be required. Mogen et al. (1992) identified (by linker scanning mutagenesis),
near upstream elements (NUEs) and a far upstream element (EUE) which were 7I
essential for polyadenylation at the 3 main sites used in a pea rbcS gene. Each site |
had its own NUE within -40  nt, whereas deletion of the EUE (-60 to -120  away 
from site 2) abolished polyadenylation at all 3 sites (the use of a 4th site, 50 nt 
downstream from site 2, was greatly increased). The NUEs contain sequences i
related to AAUAAA, whereas the EUE contains a repeated UUGUA motif, as well 
as UG rich sequences (the individual elements of the EUE appear to be functionally 
redundant). Interestingly, sequences related to this UUGUA motif have been found 
to be essential for 3 ' end formation in yeast (Zaret et a l,  1982) and are also found in 
the SV40 late polyadenylation signal (Schek et al., 1992).
The sequences of the cloned pea MTase 3' RACE products were analysed for 
putative polyadenylation signals (Eig. 3.7.9). Each polyadenylation site conforms to 
the consensus of cleavage sites observed by Joshi (1987), i.e. YA. It is likely that the
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first adenosine of the poly(A) tail for each site has arisen from the gene and not 
polyadenylation. The sequence AAUAAA is absent, though several related sequences 
are present. Sequences which match this consensus as closely as possible, and which 
are within the correct distance (i.e. less than 40 nt upstream) from each of the three 
polyadenylation sites are highlighted. Of course, these merely represent putative 
NUEs. Also identified is a putative EUE which is approximately the correct distance 
from sites 1 and 2 (after Mogen et a l ,  1992). This contains the motif UUGUA plus 
GU rich sequences. However, this m otif is possibly too far away from site 3. A 
second putative EUE was also identified at approximately the correct distance 
upstream of site 3. This contains GU rich sequences, but does not contain a 
UUGUA motif. It is tempting to speculate that sites 1 and 2 are under the control of 
EUE 1 and site 3 is under the control of EUE 2. This might merely reflect the 
redundancy of plant polyadenylation signals, or could have some functional 
significance. Montoliu et a l  (1990) identified two main polyadenylation sites used in 
the a-1 tubulin mRNA of maize which were approximately 70 bp apait. On analysis, 
the published sequence of the 3 ' UTR appeared to have features in common with that 
of the pea MTase mRNAs. Two putative EUEs were identified, both of which 
contained GU rich elements. In addition, the upstream EUE contained a UUGUA 
motif whereas the downstream EUE did not. Interestingly, Montoliu and co-workers 
found that a higher proportion of the smaller species was present in actively dividing 
tissues, whereas the longer species was more evenly distributed amongst different 
tissues. They suggested that the smaller species may be more stable, giving rise to an 
increase in steady-state levels in rapidly dividing tissues. Though the levels of pea 
MTase mRNA appear to be tightly controlled at the transcriptional level (see next 
section), it would be interesting to test whether there is differential distribution of the 
differently polyadenylated forms of the MTase mRNA in a tissue or developmental 
stage-specific manner. This could be achieved by quantitative RT-PCR, using oligos 
specific for each type of MTase mRNA.
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Figure 3.7.9 Putative polyadenylation signais in pea M Tase 
m R N A
The cloned 3 ' RACE products (Pfu 1, 2 and 3) were analysed for putative 
polyadenylation signals. The 3 ' end o f the longest clone (Pfu 3) is shown and the 
polyadenylation sites of clones Pfu 1 and Pfu 2 are indicated by arrows (cleavage 
probably occurs on the right hand side of the first adenosine of the poly(A) tail).
Possible near upstream elements (NUEs), which correspond to the canonical 
AAUAAA motif in the first 3 nucleotides are boxed. Two putative far upstream elements 
(EUEs) are also indicated. It is postulated that polyadenylation sites used in Pfu 1 and 
Pfu 2 are under the control of EUE 1, and that used in Pfu 3 is under the control of EUE
2. The individual components of the putative EUEs are indicated; the sequence UUGUA 
is in bold and underlined and UG rich sequences are just underlined.
GCGCCAAOÜAGAGGAÜÜAGGGCGCAÜCUUÜCAAAAAGCAÜCÜÜÜUÜAÜCAÜAÜASIZ02ÎIS 
-10 I I I I I 50A N * L
ü cu üu cag ü go ücu gg aa a c a a c c c a a c c c üügüA uaüagü o g ü u u u cü ü g g cü au üü uü  
51 I I I I I 110
■Putative FUE 1-
CUÜAGUDDAAOCAAUUCÜUUGUUÜAAAAGGAUUGAOG(^ÂÜGGA|UUAÜGc{ijAU7
111
AAA^CDC
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Pfu 1 poly(A)
AÜÜUÜUUCOAOC 
1 7 1  I
Pfu 2 poly (A)
-Putative FUE 2
Pfu 3 poly(A)i
AAAGAAADGAüDGdAAUAUÏ^CCÜUCC^ Ü G U Â ib üUCAAUüCGACC 
2 3 1  I I I I 2 7 6
2 3 0
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3 .8  Steady state levels of pea MTase mRNA in
different tissues
The levels of MTase mRNA at different stages of seedling growth and in different 
structures was measured to see if the changes in MTase activity during seedling 
growth observed by Yesufu et al. (1991) are paralleled by changes in the levels of 
MTase mRNA. Total RNA was prepared from various structures (apex, stem, leaf iIand root) and at different stages of development (counted in days after imbib ttion).
Sections of 1 cm in length were taken from the shoot tips (= shoot apex, which 
includes the immature leaves) and the radical (= root apex). The shoot sub-terminal 
portion was taken from the second cm down from the apical portion. The leaf  ^I
portions were fully differentiated leaves from 7 day old seedlings. Because there was 7;
slight variation in the stage of growth between the seedlings, the seeding tray was 
divided into squares for each days sampling and all the seedlings from each square 
were used, so that the average stage of growth for a particular day was represented.
A northern blot was prepared with 30 pg samples of each RNA preparation, and was 
probed at high stringency with the whole insert isolated from clone Pfu 3 (Fig.
3.7.6) by a SaW BamHl double digest. As a control, 0.1 pg of the insert from Pfu 3 
was run on an agarose TAB gel, which was blotted and fixed in the same manner as 
the northern. This blot was included in the hybridisation and exposed to the 
phosphoimager plate together with the northern. The results of this experiment are 
shown in figure 3.8.1. In each case, only one band of 5.0 kb hybridised with the 
probe. The intensities of the hybridised band in each lane were measured using 
MacBAS; comparison with the control target (0.1 pg Pfu 3 insert) enabled the 
number of transcripts/pg total RNA to be calculated.
From the results it is clear that the concentrations of MTase mRNA are at their 
highest in actively dividing tissues, such as root and shoot apical meristems and 
immature leaves. This is largely consistent with the specific activities of pea MTase 
found by Yesufu et al. (1991), except that relatively low specific activities of MTase
were recovered from root tips. This however, is probably due to difficulties in 
enzym e extraction from this tissue, which may be because of the high 
polysaccharides levels in root tips. The MTase specific activities and MTase mRNA 
concentrations are lower in structures such as mature leaf and stem (the sub terminal 
portion, lane 4). This is reflected in the fact that growth in thc^ g structures is due to 
cell elongation rather than cell division. High specific activities of M Tase are 
expected in rapidly dividing tissues in pea because the main substrate 
(hemimethylated DNA) is formed only in the S-phase of the cell cycle; DNA MTase 
extracted from 5-7  day old pea shoot tips exhibits a 20-60 fold preference for 
hemimethylated substrates over unmethylated substrates (Houlston et a l ,  1993).
These results could indicate that pea MTase expression is regulated at the 
level of transcription. However, the possibility that the regulation is all or partly at 
the level of mRNA stability cannot be ruled out, and there may be additional 
regulation at the translational level. As discussed in section 3.7.6, there are at least 3 
differently polyadenylated species of MTase mRNA in pea, which appear as a 
doublet upon gel electrophoresis of 3' RACE products. There appear to be equal 
amounts of the longer and shorter species, though after 30 rounds of amplification 
the results will probably not be strictly quantitative. The 3 ' RACE experiments were 
carried out on poly(A)+ RNA from 5 day old shoot tips (the top two cm) and, as 
discussed earlier, there may be a differential distribution of differently polyadenylated 
mRNA species. Unfortunately, as these differences are small and the size of the 
mRNA is so large, the degree of resolution of the northern blot (Fig. 3.8.1) does not 
permit distinction between mRNA species. As mentioned in section 3.7.6, the only 
feasible way to investigate the distribution of the differently polyadenylated species 
would be a to use quantitative RT-PCR.
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Figure 3.8.1 Variation in pea MTase mRNA levels with location
and age
Total RNA was isolated (section 2.2.13.1) from the structures and at the times (in 
days after swelling, section 2.2.1) stated below the figure. 30 jig of each RNA 
sample was resolved by denaturing agarose gel electrophoresis (section 2.2.13.3). 
The gel was stained with ethidium bromide (section 2.2.13.3) to confirm equal 
loading. The gel was then blotted (section 2.2.14.3) and probed at high stringency 
(section 2.2.16.1) with the whole insert isolated from clone Pfu 3 (Fig.3.7.6) by 
SaiyBcimHl double digestion. The blot was exposed for 4 days on a phosphoimager 
plate. The figure shows the autoradiograph and below it, the ethidium-stained gel 
(shown in negative). A band of 5.0 kb hybridises in each lane, but with varying 
intensity.
A 1  2 3 4 5 6 7  8 9  10
#
—  X
Material used for RNA isolation
Lane 1 
2
3
4
5
6
9
10
Location 
shoot apex
shoot (sub-terminal) 
shoot apex
leaf
radical apex
Level of MTase message
(transcripts/pg total RNA; xl04)
Age (days)
4 46
5 28
6 33
6 14
7 19
9 13
7 9
2 42
3 31
5 31
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3 .9  Is there a family of related MTase genes in pea?
3 , 9 . 1  Introduction
Finnegan and Dennis (1993) have reported evidence for the existence of a family of
related MTase genes in Am bidopsis. Their evidence was as follows: firstly, they
amplified a segment from Arabidopsis  genomic DNA using degenerate primers
corresponding to motifs IX and X of mouse MTase. Only one type of MTase-
specific PCR product was identified, which was then used to isolate a clone from a |
genomic library. The isolated genomic clone contained a region which was identical
in nucleotide sequence to the PCR product. An EcoRI fragment of the genomic clone
was then used to screen a cDNA library. Four clones which overlapped the region
between IX and X were isolated and, where sequenced, were found to be identical 
.(except for in the 3" UTR). However, the original PCR product shared only 86% 
identity at the nucleotide level with the equivalent region in the assembled cDNA 
sequence. W hen genomic blots were probed with the cloned PCR product (87 bp) 
and a 398 bp fragment of the cDNA clone encompassing regions IX and X, different 
patterns of hybridising fragments were obtained with the two probes. The bands that s
hybridised with the PCR probe also appeared when the 398 bp fragment was the 7
probe, but only upon prolonged exposure, or when the stringency was reduced. This 
presents good evidence for the existence of a second gene which is related to the 
MTase gene in Arabidopsis. However, it has not yet been proven that the gene from 
which the PCR fragment was amplified is actually expressed (the authors do not 
mention any attempts at northern analysis with the PCR product, or at amplification
of this fragment from cDNA).
%Using degenerate primers corresponding to motifs IV and VI, only one type 
of MTase-specific cDNA PCR product was identified (section 3.6). However, other T
mRNAs may exist that are sufficiently different in this region for the degenerate v;
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primers not to anneal. To investigate whether other genes related to the isolated 
MTase cDNA fragment exist in pea, I probed at moderate stringency a Southern blot 
of pea genomic DNA that had been restricted as described as described below. As a 
probe, I used the whole insert from clone Pfu 1 (Fig. 3.7.6). If a closely related
MTase gene exists, it is likely to be homologous in all the conserved motifs, not just I
AIX and X. 3
3 . 9 . 2  Selection of restriction enzymes
The restriction enzymes used in this experiment were selected on the basis of the 
following criteria: firstly, the enzymes should have no sites within the probe used. 
Secondly, the enzymes should not be sensitive to the méthylation of cytosines within 
CG or CNG sites, as one might expect heterogeneity in patterns of méthylation of 
MTase gene(s) in different tissues, which would distort the Southern blot data. The 
selected enzymes plus their recognition sequences are illustrated in figure 3.9.1.
As discussed in the introduction (section 1.5.3), there is little evidence for the 
presence of a MTase which methylates the outer cytosine of CCG motifs, or the 
presence of cytosines methylated at this this position in pea at least (Pradhan and 
Adams, 1995). Therefore, the only enzyme which may give ambiguous data is BgïH, 
if  the first base following a target sequence happens to be G .
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Figure 3.9.1 Enzymes selected for Southern analysis
Bgll GmCCNNNNNGGC
S a d GAG^CTC
Sphl GCATGC
Xbal T^CTAGA
B am dl GGATmCC
Bglll AGAT"^CT
The restriction sites are shown in the 5"~3' direction. The enzymes will not cleave 
their target sequences if the cytosines aie methylated (at the 5-position of the cytosine 
ring) at the positions shown.
These enzymes can be grouped into 4 categories in terms of sensitivity to the 
presence of 5-mC in their target sequences i.e.:
1. Sphl will cleave regardless of the méthylation status of cytosines
2. S a d , Xbal are sensitive to 5-mC which is not present either a CG or a
CNG motif
3. BamYil, Bgll are sensitive to 5-mC which is potentially in a CCG motif
(25% chance for each site)
4. BglB is sensitive to 5-mC which is potentially in a CWG motif
(25% chance for each site)
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3 . 9 . 3  Southern analysis of pea genomic digests
Pea genomic DNA was prepared using the CTAB method (section 2.2.12.2). Digests 
were carried out using each of the selected restriction enzymes on 40 pg samples of 
pea genomic DNA (a large amount of DNA was used in order to maximise the signal 
obtained from weakly hybridising fragments). The digests were resolved on a 0.7% 
agarose TBE gel and alkali blotted onto a Hybond N+ filter. The blot was then 
probed with the whole insert from clone Pfu 1 (Fig. 3.7.6), which was isolated by 
BamHUSall digestion of clone Pfu 1.
Hybridisation was carried out under standard high strmgency conditions 
(section 2.2.16.1), and the filter washed at moderate stringency (1 x SSC, 0.1% 
SDS at 65“C) for 30 min. Hybridisation under these conditions (65°C, 5 x SSPE, 
0% formamide) is ~30°C below the of a perfect hybrid (see section 3.2.2), as the 
G+C content of the probe is -40% . The hybridisation used should, in theory, allow 
up to 10% and possibly 15% mismatch between hybrids, and washing at the 
stringency mentioned above allows hybrids with up to 17% mismatch to be retained 
on the filter. Hybridisation using these conditions should, therefore, allow closely 
related members of a gene family to be identified. Indeed, as mentioned earlier, 
Finnegan and Dennis found cross hybridisation to occur at high stringency. After 
hybridisation, the filter was exposed overnight on a phosphoimager plate; the 
autoradiograph is shown in figure 3.9.2, together with an estimate (against DNA size 
mai'kers) of the sizes of hybridised bands obtained for each restriction enzyme.
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Figure 3.9.2 Southern analysis of pea genomic DNA
40 pg samples of pea genomic DNA, digested with different restriction enzymes 
(section 2.2.4), were resolved by TBE agarose gel electrophoresis (section 2.2.5), 
along with marker DNA (//m d lll digest of X DNA). The gel was alkali blotted 
(section 2.2.14.1) onto a Hybond N+ filter, which was probed with the whole insert 
from Pfu 1 (Fig. 3.7.6), which was labelled by random priming (section 2.2.15.1). 
Hybridisation was carried out in the absence of form am ide at 65°C (section 
2.2.16.1), and the final post-hybridisation wash was of moderate stringency (1 x 
SSC, 0.1% SDS at 65°C) for 30 min. The blot was exposed overnight on a 
phosphoimager plate.
The distance migrated by the size markers is indicated on the left of the figure. 
The restriction enzymes used, and an estimate o f the sizes of hybridising fragments 
(in kb) for each enzyme are indicated below the figure.
"4  . 1
Lane Enzyme Fragment
size(s) (kb)
1 Bgll > 2 4  + 3.6
2 S a d 14
3 Sphl 14 + 7
4 Xbal 14
5 B am R l 6 + 3
6 B g m 4
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3 . 9 . 4  D iscu ss io n
The results of this experiment do not appear to indicate the presence of a MTase gene 
family in pea, at least with respect to the catalytic domain. Unfortunately, there is 
smearing of some of the bands due to overloading the DNA, and therefore the size 
estimations of some of the bands are very approximate. Nevertheless, digestion of 
pea genomic DNA with Bglll clearly yielded only one hybridising fragment, as did 
digestion with S a d  and X bal. The other restriction enzymes {Bgll, S p h l and 
BamYll) yielded two hybridising fragments. As there were no sites for these enzymes 
within the probe, the presence of two hybridising bands must be due to the presence 
of a single site for each enzyme within intronic sequences. Furtherm ore, all 
hybridising bands were still present after washing at high stringency (0.1 x SSC 
0.1% SDS, 65“C). No other hybridising fragments were identified even after 
exposure for 1 week on the phosphoimager plate (results not shown).
These results contrast with the findings of Finnegan and Dennis (1993), and 
it therefore seems unlikely that a MTase gene family exists in pea. However, it could 
be possible that the region of homology exists in the region spanning motifs IX and 
X alone, and that the signal obtained with cross-hybridising fragments would be too 
low to be visible because this region represents a small proportion of the probe used. 
It would seem unlikely for another MTase gene to be closely related only in two of 
the conserved motifs, but the possibility could be investigated by probing with a 
smaller restriction fragment of the Pfu 1 insert, which includes , for example, regions 
IX and X.
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Chapter 4 Discussion
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4 .1  The methyltransferase cDNA of P i s u m  s a t i v u m
The 3' end of the pea MTase cDNA cloned in this project corresponds to an mRNA 
which is approximately 5.0 kb in length (section 3.6.12). The size of the mouse 
MTase mRNA is 5.0 kb (Bestor et a i,  1988), and the Arabidopsis MTase mRNA is 
4.7 kb (Finnegan and Dennis, 1993). The steady-state levels of the pea MTase 
mRNA parallel the specific activities of MTase in pea seedlings from different 
structures and at different stages of development, being relatively high in rapidly 
dividing tissues (section 3.8). The control of MTase expression may be at the 
transcriptional level or at the level of mRNA stability, or it could be a combination of 
the two. There are at least three different polyadenylation sites utilised in the pea 
M Tase mRNA (section 3.7.6) and a similar observation was made for the 
Arabidopsis. MTase mRNA (Finnegan and Dennis, 1993). As discussed in section 
3.7.6, this could represent an additional level of control (at the level of mRNA 
stability) on the steady-state levels of MTase message. This hypothesis, however, 
remains to be tested.
The predicted amino acid sequence of the cloned pea MTase 3 ' RACE 
product shares 77% identity with Arabidopsis MTase and 52% identity with mouse 
MTase. As discussed in section 3.7.5, the eukaryotic MTases (i.e. from higher 
plants and mammals) form a closely related group with respect to their catalytic 
domains, whose members show a greater degree of homology at the amino acid level 
with each other than with any prokaryotic MTase. Therefore, these enzymes must be 
ancestrally related. The degree of conservation in the N-teminal domain is much less 
between plant and mammalian MTases; Arabidopsis  MTase shares only 24% 
homology at the amino acid level with the murine enzyme. The predicted Arabidopsis 
MTase protein also lacks the Cys-rich zinc binding domain of the mammalian 
MTases, and has an acidic region which is absent in the mammalian enzymes.
199
4 .2  Are the different sequence specificities encoded by
distinct mRNA species in plants?
As discussed in the introduction, 5-mC is found in CG and CNG sequences in 
plants, whereas in vertebrates the vast majority of 5-mC is found in CG sequences 
(Gruenbaum et a l,  1981). It has recently been shown that two different specificities 
(for CG and CWG sequences) reside in different enzymes in pea (Pradhan and 
Adams, 1995). (There is no direct evidence, from genomic sequencing, for the 
méthylation of the outer cytosine in the CCG motif in plants.). Intuitively, one would 
expect the two different MTases to be encoded by separate genes or by different 
mRNAs as a result of alternative splicing.
4 . 2 . 1  Are there two different MTase genes in plants?
As described in section 3.9, evidence was found for the existence of another gene 
which is related to the MTase gene in Arabidopsis, and whose cDNA has not yet 
been cloned (Finnegan and Dennis, 1993). Only the sequence spanning conserved 
motifs IX and X of this second gene was published. Comparison with the pea 
MTase clone in this region reveals It to be more homologous to the Arabidopsis 
MTase cDNA than to the oihtv Arabidopsis gene in this region. It still remains to be 
proven that this second gene encodes the other conserved motifs, which would be 
required for it to be a bone fide  DNA MTase gene, and it cannot be ruled out that this 
gene may have a function unrelated to DNA méthylation. This is exemplified by the 
Prntl'^ gene of the fission yeast, S. pombe (Wilkinson et a l,  1995; Pinarbarsi et a l ,  
personal communication), which encodes a protein that contains all the conserved 
amino acid motifs present in prokaryotic type II C5-cytosine MTases (except for a 
mutated motif IV), yet is not a functional DNA MTase. However, the predicted 
amino acid sequence of the second gene in Arabidopsis identified by Finnegan and 
Dennis (1993) does resemble the eukaryotic MTases more than any prokaryotic
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MTase (and more than the P m tl+  protein), and must therefore have diverged 
relatively recently. It is striking that no cDNA clone corresponding to this gene was 
identified upon library screening; this may be either because it is not expressed in the 
material used for library construction, or because the mRNA is expressed at low 
levels relative to the MTase mRNA that was cloned.
The work presented in this thesis gives evidence for the existence of only one 
type of MTase mRNA. Firstly, when degenerate primers corresponding to conserved 
motifs IV and VI were used to amplify pea cDNA, only one type of MTase-specific 
PCR product was identified, which comprised 11 clones out the 18 independent 
cloned PCR products that were sequenced (section 3.6). It is of course possible that 
the degenerate primers used (oligos I Va and Vic, which were designed according to 
the sequences GPPCQ and ENV(R/K)(N/T) respectively) would not be able to 
amplify the other MTase mRNA (if it exists), because of the effect of mismatches. 
Although up to three primer-template mismatches were found to be tolerated, they 
were all G-T mismatches (Fig. 3.6.6). Similarly, Finnegan and Dennis (1993) were 
able to amplify by PCR using degenerate primers, only one type of segment of 
Arabidopsis genomic DNA which was homologous to a MTase, and this segment 
derived from the second putative MTase gene (not the one corresponding to the 
MTase cDNA which was subsequently cloned). The amino acid sequences used for 
primer design were QGFPD and QVGNAV of mouse motifs IX and X respectively. 
The failure to amplify a segment of the gene which corresponded to the MTase 
cDNA (which contains the sequence QIGNAV) was attributed to the presence of a C- 
A primer-template mismatch 4 nucleotides from the 3 ' end of the downstream 
primer. However, the degenerate primers used in this thesis agree much better with 
the prokaryotic consensus, especially in their 3 ' ends (where the presence of 
mismatches is more deleterious), than do the primers used by Finnegan and Dennis 
(1993) (see Fig. 3.7.8). Therefore, one would expect these primers to amplify a 
segment from any cDNA from pea,which corresponds to a functional MTase mRNA 
that is closely related to the eukaiyotic MTases. However, it is not possible to predict
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with certainty the positions where mutations may occur outside the absolutely 
conserved amino acids, and the effect these may have on the efficiency of PCR 
amplification.
The second line of evidence supporting the existence of only one type of 
MTase mRNA came from eame-from-hybridisation to northern blots of pea poly(A)+ 
RNA (section 3.6.12), followed by washing at reduced stringency. Using the cloned 
pea MTase-specific PCR product as a probe (which would be expected to share a 
high level of identity with a related MTase mRNA), only one hybridising band (of 
5.0 kb in length) was identified. The hybridisation conditions used should permit the 
detection of closely related mRNA species (see section 3.9). Of course, it could be 
possible that the band represents two closely related mRNA species which are 
superim posed; the degree of resolution does not perm it the alternatively 
polyadenylated forms of the characterised mRNA which are known to exist (section 
3.7.6) to be distinguished. A pea MTase cDNA was cloned independently by S. 
Pradan, working in our laboratory. This clone was isolated partly on the basis of N- 
terminal sequencing of the purified CWG MTase. The 3' end of the- this cDNA was 
cloned via 3 ' RACE, using a unique primer designed according to part of the 
sequence of this clone (section 3.7). Seven independent clones were mapped and 
three were sequenced. The nucleotide sequence between motifs IV and VI of the 
cloned cloned 3' RACE products was found to be identical with that of the MTase- 
specific PCR product described in section 3.6 (see Fig. 3.6.6), and therefore both 
are derived from the same MTase mRNA.
To establish whether a family of MTase genes exists in pea, Southern blots 
of pea genomic DNA were probed at moderate stringency with the insert from one of 
the cloned 3' RACE products (section 3.9). This fragment encodes all the conserved 
motifs from IV to X, and therefore it was reasoned that if another, closely related 
gene exists (as appears to be the case in Arabidopsis), it would be detected by the 
probe. However, the results of Southern analysis were consistent with the presence 
of one type of MTase gene. Thus, the presence of more than one kind of MTase gene
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does not appear to be^essential feature of higher plants.
4 .2 .2  A lte rna tive  splicing events in pea M T ase mRNA
As discussed in section 1.4.1, the sequence specificity of prokaryotic MTases is 
defined by the variable domain, which lies between motifs VIII and IX. The obvious 
hypothesis was that a single MTase gene could give rise to mRNA species that are 
differently spliced in the region specifying the variable domain. As mentioned earlier, 
the 3 ' end of the pea MTase cDNA (which contained the conserved motifs IV to X 
and therefore spanned the variable domain) was cloned via a 3 ' RACE strategy 
(section 3.7). The amplified product (excluding the truncated 3 ' RACE artefacts, 
which are too small to be full length 3 ' RACE products) showed size heterogeneity 
which was visible as a doublet upon gel electrophoresis. The possibility that some of 
this size heterogeneity could be as a result of alternative splicing was investigated. 
However, the size heterogeneity observed was found to be due to the use of different 
polyadenylation sites in the mRNA (see section 3.7.4).
The analogy with the target recoginition domains of prokaryotic MTases is 
perhaps inappropriate for eukaryotic MTases, all of which that have been cloned so 
far code for a large N-terminal domain which is linked to the ’prokaryotic' catalytic 
domain. It has been shown that cleavage of the N-terminal domain of mouse MTase 
results in a stimulation of the rate of de novo méthylation in vitro, whereas there is 
little effect on the rates of maintenance méthylation (Bestor, 1992) (section 1.5.2). It 
was suggested by the author that proteolytic cleavage in vivo could be responsible 
for the ectopic méthylation which is associated with some tumours and in aging 
animals As the N-terminal domain is capable of modifying the specificity for 
un methylated CG sites in mouse MTase, perhaps the specificity for CG as opposed 
to CWG sites in plant MTases is also affected by the N-terminal domain; this is 
discussed below.
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4 .3  How can one MTase mRNA give rise to both CG- and
C W G -specific M Tases?
As mentioned earlier, the CG and CWG specificities do reside in different proteins in 
pea (Pradhan and Adams, 1995). The purified CWG MTase activity corresponds to a 
i 10 kDa protein plus a 100 kDa protein, which is considered to be due to partial 
proteolysis of the former protein. The CG MTase activity corresponds to two 
proteins of 140 and 55 kDa. Again, it was considered that the 140 kDa protein
(he
represented the intact enzyme. Sequencing of Region specifying the N-terminal 
domain of the pea MTase cDNA which was cloned by S. Pradhan revealed the 
putative translational stait-site to encode a protein of at least 180 kDa. The N-temiinal 
domain also encodes a Cys-rich region which may bind zinc ions, as in mouse 
MTase. However, the homology between the plant and artd mammalian MTases is 
much less in the N-terminal domain than the C-terminal domain. Interestingly, the 
Cys-rich sequence was found to be absent in the Arabidopsis MTase cDNA. The N- 
terminal sequence of the pea MTase cDNA also contains several regions which could 
act as signals for proteolytic cleavage in vivo, two of which would give rise to 
proteins which correspond to the 140 and 110 kDa MTases. These hypothetical 
cleavage sites would give rise to proteins which contain putative nuclear localisation 
signals near their N-terminus. This would explain how proteolytic processing in the 
cytoplasm could give rise to different MTase enzymes which are able to function in 
the nucleus.
In summary, the specificity of plant MTases could be dictated by in vivo 
proteolytic cleavage of a single translation product, which removes portions of the 
N-terminus which could modify the sequence specificity of the enzyme. The 
sequence specificity of eukaryotic MTases is more relaxed than their prokaryotic 
counterparts; it has been shown that mouse MTase methylates CWG sequences to a 
small extent in vitro (Adams et al., 1993), although whether this is associated with
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proteolytic cleavage at specific sites is not known. If the N-terminal domain is able to 
modulate the sequence specificity of plant MTases, what is the mechanism of this 
modulation? As discussed earlier (sections 1.5.2 and 3.7.5), the variable regions of 
the eukaryotic MTases that have been cloned are very large in comparison with those 
of the majority of mono-specific prokaryotic MTases. It is possible that the variable
(he
domains contain regions which interact in some way with^N-terminal domain in a 
way that dictates the sequence specificity. However, until the structure of a 
eukaryotic MTase interacting with DNA has been solved, the nature of the 
involvement of the N-terminal domain remains speculative.
The sequence specificity of eukaryotic MTases perhaps cannot be considered 
in isolation. As discussed in section 1.5.1, méthylation at non-sym m etrical 
sequences occurs in mammals (Tasheva and Roufa, 1994), in plant transgenes 
(Meyer et a i ,  1994), and also in 'ripped' sequences in Neurospora crassa (Selker et 
a i , 1993). It has been proposed that eukaryotic MTases are able to recognise and 
methyl ate particular regions of chromatin structure, perhaps via interaction with 
unknown accessory proteins, or perhaps as a consequence of accessibility to a 
MTase with relaxed specificity. In addition, recognition of DNA-RNA triple helixes 
by DNA M Tases has also been suggested (W assenegger et a i ,  1994). The 
elucidation of these interactions represents a major challenge in this field.
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